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ABSTRACT
Eastern cottonwood (Populus deltoides Bartr.) is the fastest growing tree in 
southeastern United States with great potential as a biomass source. DNA-based 
molecular marker techniques are playing increasingly important roles in elucidating 
genetic diversity within species. Amplified fragment length polymorphism (AFLP) and 
random amplified polymorphic DNA (RAPD) markers were employed to study genetic 
relationships among 57 clones from subregion Lower Mississippi river, West Central, 
and West Gulf. A total of 101 polymorphic RAPD markers were amplified from 14 
primers. Six AFLP primer pairs resulted in a total o f457 polymorphic markers. Both 
RAPD and AFLP markers were able to uniquely identify all clones, indicating that 
extensive genetic diversity existed among the clones and demonstrating their efficiency 
as fingerprinting tools. To understand population structure in eastern cottonwood, leaf 
samples from 202 trees involving 12 natural populations from subregion East Central, 
East Gulf, and South Atlantic along the species’ geographic regions were collected. All 
identified polymorphic markers, including 492 AFLP markers and 104 RAPD markers 
were included in the analysis. The within-population genetic diversity was estimated to 
be 0.2543 from AFLP data and 0.2619 from RAPD data, suggesting there is significant 
genetic variation within populations. The coefficient of gene differentiation among 
populations (Fst) was estimated to be 0.0663 and 0.0536 for AFLP and RAPD 
respectively (P<0.001), suggesting population subdivision in eastern cottonwood. The 
correlation between AFLP and RAPD data matrices based on Nei’s standard genetic 
distance as measured by Pearson product moment correlation was 0.4251 (P = 0.027). 
Phylogenetic trees were constructed by UPGMA and Neighbor-joining method. From
vi
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AFLP data, populations from East Gulf were always grouped together in both trees and 
this was further supported by bootstrap test of significance of the trees. The UPGMA 
tree from RAPD suggested populations from East Central and East Gulf are close to 
populations within the same subregion, whereas the Neighbor-joining tree supported 
populations from East Central are grouped together. In addition, the variances 
associated with the population parameters from AFLP analysis were significant lower 
than that from RAPD analysis, suggesting AFLP analysis is a more reliable tool than 
RAPD analysis for population study.
vii
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CHAPTER 1 
INTRODUCTION
Importance of Populus Species
Populus is a genus comprising 29 species, widely distributing in natural stands 
and established plantations across the Northern Hemisphere. Species and clones of 
Populus are adapted to a wide range of geographic distribution, therefore, Populus has a 
great ecological range and a wide variety of forms. Because of their broad geographic 
range, rapid rate of growth, quality of timber, efficient clonal propagation and 
successful interspecific hybridization, poplars contribute to the timber supply with 
significant economic profitability and are often the only source of wood in many 
countries (Douglas 1989). For over a decade poplars have received increasing attention 
as a renewable source of biomass for energy and short-fiber furnish for papermaking, 
leading to increased culture of intensive short rotation plantations (Bradshaw and 
Stettler 1993, Lin et al. 1997). Poplar wood is used for a broad spectrum of products, 
such as plywood, particleboard, packages, structural timber, matches, chopsticks and 
paper. In addition, poplars sometimes are used extensively as ornamental plants in 
gardens, parks and open spaces.
Besides its economic importance, Populus has been extensively studied as a 
model system for biological studies among woody genera. Relatively short rotations, 
small genome size (2C=1.2 pg, about 550 mbp), early and prolific flowering, and ease 
of vegetative propagation are important features which render poplars amenable to rapid 
breeding, genetic manipulation, and capture of additive and non-additive genetic gain 
(Bradshaw and Stettler 1994, Cereva et al. 1996). Poplars were among the first plants
I
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used to initiate cell cultures (Jacquito 1966), the first forest species regenerated from 
callus (Mathes 1964), and the first timber-producing species to be genetic transformed 
successfully (Parson et al. 1986).
Geographic Distribution of Eastern Cottonwood
Eastern cottonwood {Populus deltoides Bartr.) is one of the species with major 
economic importance in section Aigeiros. Naturally, eastern cottonwood ranges from 
southern Quebec westward into South Dakota and southward to Texas and northeastern 
Florida, where the north-south distribution extends latitudinally from 28°N to 36°N, and 
the east-west distribution extends from 70°W to 100°W (Jokela and Mohn 1976).
Within this range, the species occurs primarily along rivers and other waterways. This 
natural linear distribution pattern along river systems contributes to the development of 
genetically different subpopulations (Wright 1976). In the southeast United States, 
eastern cottonwood plays a major role in poplar culture because it outproduces other 
hardwood species, has desirable characteristics and wide genetic diversity (Jokela and 
Mohn 1976).
Systematic Breeding Program for Eastern Cottonwood
The diverse natural distribution of eastern cottonwood gives rise to the 
expectation of substantial genetic variation in natural populations. The first systematic 
study in natural populations of eastern cottonwood was conducted in the early 1950s 
based on systematic sampling in wild populations. The study focusing on adaptated 
features such as the effect of photoperiod and indicated subpopulations differed in 
length of frost-free season, and the study of leaf morphology indicated that leaf types 
from north and south were distinct (Pauley and Perry.1954). Efforts with eastern
2
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cottonwood in early 1960s initialized breeding programs and systematic collection of 
open-pollinated seeds through the natural range of this species (Jokela and Mohn 1976). 
Research on variation within and among population in eastern cottonwood was 
conducted focusing on comparing families or clones from different provenaces 
followed. The characters used to detect intraspecific variation in eastern cottonwood 
included physiological characters such as leaf shape, leaf size and branching habit 
(Chandler and Thielges 1973, Ying and Bagley 1976, Sokal et al. 1986), physiological 
adaptation factors such as tolerance to drought, stress and flood (Farmer 1970, Kelliher 
and Tauer 1980, Gebre and Kuhns 1991), and quantitative traits such as height and 
diameter (Eldridge et al. 1972, Ying and Bagley 1976, Foster 1986). Additionally, 
genetic variation in eastern cottonwood has also been assessed by enzyme systems 
(Marty 1984, Rajora et al. 1991). However, the geographical range covered in most 
studies were limited, and phenotypic characters applied for most study were likely 
affected by the environment as well as genetic control, so similar studies using material 
from different locations occasionally provided controversial results (e.g., Farmer 1970, 
Kelliher and Tauer 1980).
Outline for This Dissertation
The goal of this dissertation research was to study the genetic variation of 
eastern cottonwood based on PCR-based AFLP and RAPD markers. The overview of 
available molecular techniques for systematic study in eastern cottonwood and 
statistical tools for analyzing molecular markers are summarized in Chapter 2. 
Individual characterization of elite eastern cottonwood clones from the West Gulf 
subregion (WG), the lower Mississippi valley subregion (MS), and the West Central
3
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subregion (WC) indicated that RAPD and AFLP markers both were effective for 
fingerprinting, as though sometimes they provide different information (Chapter 3). 
Chapter 4 contains result of a study of natural population variation in eastern 
cottonwood from East Central sugregion (EC), East Gulf subregion (EG) and South 
Atlantic subregion (SA) by RAPD and AFLP markers. Some statistical issues that 
related to phylogenetic analysis using molecular markers would also be addressed. 
Conclusions from this dissertation research and future tendency in related research are 
addressed in Chapter 5.
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CHAPTER 2 
LITERATURE REVIEW 
Molecular Approaches in Population Structure and Systematic Analysis
Each eukaryotic genome is a repository of information, coding not only proteins 
and other cellular machinery of life, but also retaining within its nucleotide sequence a 
record of evolutionary relationships to genomes of other organisms (Nei 1987, Li 1997). 
Evolution has been defined as a change in genetic composition of populations through 
time (Dobzhansky 1937). Genetic differentiation among organisms arises mainly from 
separate or joint evolutionary forces of natural selection, genetic drift, gene flow, 
mutation and recombination. Knowledge of the relative genetic distance among 
individuals or populations is useful in a breeding program because it permits 
organization of germplasm and provides more efficient sampling of genotypes (Skroch 
and Nienhuis 1995). The focus of molecular evolution is to analyze organism evolution 
and characterize the genetic base of variation by molecular tools.
The reason population geneticists are interested in geographically structured 
populations is that the pattern of genetic differentiation among different parts of a 
population may provide insight into the mechanism of maintenance of genetic 
polymorphisms and understanding how genetic differentiation may occur, either by 
environmental variation or isolation by distance. For long-lived and outcrossing species, 
genetic variability within most species is signifcant (Hamrick and Godt 1989).
The study of molecular systematics has its roots in two separate disciplines, 
population genetics and molecular biology. Population genetics provides the theoretical
6
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foundation for the study of evolutionary processes, and molecular biology provides the 
methods and empirical data (Li 1997).
Traditional assessment of phenotypes using physiological and morphological 
features o f quantitative and qualitative traits have been immensely informative in 
elucidating the action of evolutionary forces; including natural selection, gene drift, 
gene flow, and genetic recombination. The mechanistic underpinning of such attributes, 
however, remained unknown. In addition, the fact that morphological traits can be 
affected by environmental and genetic factors such as epistasis, and their limited 
availability restrict their usefulness as genetic markers.
Advances in molecular systematics have proceeded as a series of waves, each 
initiated by the development of new laboratory methods and applications o f new 
molecular approaches (Avise 1994). With the technology developed in the last few 
decades, scientists today are routinely using the genetic information in biological 
macromolecules, proteins and DNA to address numerous aspects of relationship of 
organisms. Most of all, the advent of various DNA techniques brought a new era of 
development in molecular systematic study.
Protein Markers
The 1950s is seen as a starting point for research in molecular systematics when 
the methods of protein sequencing and starch-gel electrophoresis as well as better 
immunological techniques were introduced (Brown et al. 1955, Goodman et al. I960). 
Protein sequence data indicated that amino acid substitutions occurred nonrandomly 
among different regions of a protein. The early interest was on the molecular
7
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phylogeny of humans, apes, sheep, cattle, pigs, and other mammals (Goodman 1962, 
Zuckerkandl 1963).
A breakthrough occurred in mid-1960 when protein electrophoretic techniques 
were introduced to population genetics and evolutionary biology. Protein 
electrophoresis takes advantage of the fact that nondenatured proteins with different net 
charges migrate at different rates through starch or acrylamide gels when an electric 
current is applied. This method was widely applied to allozyme and isozyme systems. 
Allozymes are allelic protein variants of a genetic locus. Isozymes are a broader class 
encompassing all protein variants observed on electrophoresis gels, including 
heterometic products o f multiple loci, post-translational variants, and other protein 
alterations. Allozyme and isozyme markers, which were more informative and easier to 
analyze than any other types of molecular data available at that time, provided the first 
valid attempt to obtain an unbiased estimate of genome variability at a reasonable 
number of genetic loci. Isozyme markers have been extensively applied in the study of 
genetic relationships among species and populations since then. In Populus, isozyme 
and allozyme markers were first applied in P. tremuloides (Mitton and Grant 1980) and 
quickly spread to other species. Cheliak and Dancik (1982) observed a high level of 
genetic diversity based on 26 loci in P. tremuloides. The observed heterozygosity varied 
in different studies; for example, one study estimated it to be 0.125 based on 15 loci 
(Hyun et al. 1987b), whereas in another study, it was estimated to be 0.217 (Lund et al. 
1993), however, both studies indicated high level of gene flow among populations and 
no population differentiation. In P. trichocarpa, 94% of total genetic diversity was 
found within populations with 33 to 39% polymorphic loci (Weber and Stettler 1981).
8
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In P. deltoides, Rajora et al. (1991) examined 33 loci in nine populations with 42% 
polymorphic loci and heterozygosity = 0.063, suggesting no major barrier to gene flow. 
Isozyme and allozyme markers are codominant, multiallelic and fast to analyze, but the 
number of markers available for analyses is limited.
RFLP Markers
The discovery of restriction endonucleases revolutionized molecular biology. In 
the late 1970s, interest in molecular techniques shifted from proteins to DNA analysis 
with techniques such as DNA hybridization and restriction fragment length 
polymorphisms (RFLP). RFLP assays detect DNA polymorphism through restriction 
endonuclease digestion and hybridization to a labeled DNA probe. The sources of 
polymorphism lie in two aspects. First, DNA molecules differ in the number of 
restriction sites for a particular enzyme, for example, as a result of point mutations that 
create or destroy a restriction site, which cause change in number of fragments. Second, 
DNA molecules may differ in the length of the sequence separating common restriction 
sites, caused by DNA sequence insertion or deletion within two restriction sites, which 
result in difference in fragment length. Identical size restriction fragments from 
different genotypes are interpreted as representing genetic similarities, whereas different 
size fragments are interpreted as representing genetic differences. As a tool for genetic 
analysis at the DNA level, RFLPs were first used in physical mapping of a temperature- 
sensitive mutation of adenoviruses (Grodzicker et al. 1974). RFLP mapping on 
eukaryotic genome was first described by Botstein et al. (1980). Although RFLP was 
originally introduced as a powerful tool for constructing genetic maps, it has also been a 
very useful tool for systematic study. Since its introduction, RFLP has been extensively
9
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used for genetic diversity, genetic evolution and molecular taxonomy in animal, plant 
and microbial genome research. In Populus, RFLP markers were used for genomic 
DNA analysis of different species (Bradshaw et al. 1994, Liu and Fumier 1993), 
mitochondrial DNA analysis (Barrett et al. 1993, Radetzky 1990), and chloroplast DNA 
analysis (Mejnartowicz 1991, Rajora and Dancik 1995a, Rajora and Dancik 1995b, 
Rajora and Dancik 1995c). RFLP was also used to develop genetic mapping in a three- 
generation Populus breeding population (Bradshaw et al. 1994).
RFLP markers are developmentally stable, display normal Mendelian 
inheritance and generally exhibit multiple, codominant alleles (Neale and Williams 
1991), but the difficulties in processing radioactively labeled probes and hybridization, 
and high expense limit their use.
RAPD Markers
Random amplified polymorphic DNA (RAPD) markers are generated by PCR 
amplification of random genomic segments with single, arbitrary primers of 10 
nucleotides in length (Williams et al. 1990, Welsh and McClelland 1990). When the 
primer is short, and the genome size is large, it is very likely that the genome contains 
several primer sites that are in inverted orientation and within distances suitable to be 
amplified by Taq polymerase (100 bp to 3000 bp). The primer target complexes are 
used as substrates for DNA polymerase to copy the genomic sequence 3’ to the primers. 
Iteration of this process yields a discrete set of amplified DNA products that represent 
target sequences flanked by opposite-oriented primer annealing sites. Amplification 
products can be separated by electrophoresis on agarose or polyacrylamide gels with 
ethidium bromide or silver staining.
10
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The RAPD polymorphisms arise from nucleotide base changes that either alter 
the primer binding site or change the length between annealing sites by deletion or 
insertion or inversion (Williams et al. 1990). If the primer binding site has changed, 
then the primer will no longer recognize this site; no amplification will be produced. In 
the later case, the primer will recognize the priming sites, however, the intervening 
DNA segment from deletion or addition will not be amplified since it is likely out of the 
range required by Taq polymerase. RAPD polymorphisms are usually noted by the 
presence or absence of an amplification product from a single locus, thus they are 
dominant because individuals containing two copies o f an allele are not distinguished 
qualitatively from those containing only one copy of the allele (Tingey et al. 1992).
RAPD analysis is easy to process and only requires trace amount of DNA, it is 
well adapted to efficient DNA fingerprinting of genotypes for determination of intra- 
and interspecific genetic relationships. RAPD markers have proven particularly useful 
in detecting genetic diversity among species (Thormann et al. 1994, Spooner et al.
1996, Dubouzet et al. 1997, Jain et al. 1999), studying population structure and 
intraspecific variation (Huff et al. 1993, Yeh et al. 1995, Akerman et al. 1995, Furman 
et al. 1997), and in the characterization of individuals and clones (Scheepers et al. 1997, 
Lin et al. 1994, Lin et al. 1997) of various plant and tree species. In Populus, compared 
to isozyme markers, RAPD detected higher levels of genetic variation but with similar 
pattern of variation (Liu and Fumier 1993, Yeh et al. 1995).
One of the problems associated with RAPD markers is the reproducibility of 
amplified bands, which is affected by reaction conditions such as primer- to- template 
concentration ratio, annealing temperature, and magnesium concentration (Weeden et
11
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al. 1992). In addition, spurious PCR products are created when amplifying under low 
stringency conditions.
AFLP Markers
Amplified fragment length polymorphism (AFLP) is a powerful technique for 
genome research that combines the reliability of restriction analysis and the 
convenience of PCR technology (Zabeau and Vos 1993, Vos et al. 1995). Genomic 
DNA is first digested with two restriction enzymes, one is a rare cutting enzyme with 
six-base recognition sequence, and the other is a frequent cutting enzyme with a four- 
base recognition sequence. One of the most used combinations is £coRI and MseI. 
Corresponding double-stranded oligonuceotide adapters are ligated to both ends of a 
restriction fragment to create template DNA for amplification. AFLP fingerprinting of 
complex genomes generally involves two amplification steps. The first step is pre­
amplification, corresponding pre-amplified primers with sequences complementary to 
the adapters plus single nucleotide extension at 3' end (usually A for EcoRI and C for 
Msel) are used for pre-amplifying restriction fragments. The final amplification step 
employs primers with longer nucleotide extension that could be as long as 4 base 
depending on the complexity of the genome, and one of the two primers, often £coR I is 
either radioactively labeled or IRD-labeled for visualizing the final product through 
autoradiograph or DNA sequencer. Usually 50-100 fragments are identified with one 
primer combination.
AFLP markers assay the presence or absence of restriction enzyme sites and 
sequences adjacent to these sites. Mutations at restriction recognition sites, such as 
nucleotide change, insertion and deletion, create AFLP polymorphisms. AFLP markers
12
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are Mendelian markers in the same sense as RFLP markers. The number of 
amplification products generated by the AFLP technique is related to the size and 
composition of the genome, the choice of restriction enzyme, and the number of 
selective nucleotides added to the 3’ end of primers. In general, there is an almost linear 
correlation between the numbers of amplified fragments and genome size, however, this 
correlation is lost in the complex genomes of higher plants, which contain high number 
of repeated sequences (Vos et al. 1995). From restriction digestion, assuming that the 
genome has equal amounts of A, T, G, and C, the possibility of target sequence for 
restriction enzyme EcoRl and MseI is I in every 46 bp and 44 bp, then the chance for a 
500 bp fragment that has both target sequences is 1 in 410/500. All together, for eastern 
cottonwood that has a genome size of 550 Mbp; theoretically, the total number of 
fragments obtained from the digestion is 2.75x 105. In the pre-amplification using 
primers each with one selective nucleotide in the 3’ end, only I in 16 bands from 
restriction digestion will be amplified. In the final amplification, for example, using 
primers each with three selective nucleotide in the 3’ end, only I in 256 bands from pre­
amplification, and that is about 1 in 4000 bands from original restriction digestion will 
be amplified. Again, for eastern cottonwood, theoretically, about 70 bands would result 
from the final amplification.
AFLP is much easier to implement than RFLPs or microsatellites, and more 
stable than other PCR-based markers such as RAPDs, making it a powerful tool for 
genetic mapping and systematics analysis. AFLP has been used in constructing genetic 
maps in potato (Meksem et al. 1995), rice (Cho et al. 1995, Maheswaran et al. 1997), 
Arabidopsis thaliana ecotypes (Alonso-Bianco et al. 1998), and barley (Becker et al.
13
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1995, Qi et al. 1998). AFLP has also been applied in genetic relationship and genetic 
diversity studies in a variety of crop plant species, including wild potato (Spooner et al. 
1996), pea (Lu et al. 1996), barley (Russell et al. 1997), wheat (Barrett et al. 1998), 
bean (Caicedo et al. 1999), cassava (Sanchez et al. 1999, Wong et al. 1999), Inca lily 
(Han et al. 1999), within and between Arabidopsis thaliana ecotypes (Breyne et al. 
1999, Erschadi et al. 2000), and Lactuca (Hill et al. 1996). In woody species, AFLP 
was implemented for genetic diversity analysis in willows (Barker et al. 1999). In 
Populus, AFLP has been employed together with bulked segregate analysis for 
detecting markers for resistance against Melampsora larici-populina (Cereva et al. 
1996), and for constructing a genetic map in eastern cottonwood (Wu et al. 2000). 
Estimation of Population Structure Parameters from Molecular Marker Data
In studies of population structure, inferences are sought about genetic variation 
within and among populations. This could be accomplished based on allele frequency 
data from genetic loci by using molecular markers. The eukaryotic genome may 
contain 4,000 to 50,000 structural loci, and it is virtually impossible to study all these 
loci to ascertain the exact amount of genetic variation within a population (Nei 1987). 
Assuming that the genome consists o f independent loci, we could make estimates of 
population parameters by randomly sampling of the loci throughout the genome. 
Genetic markers such as AFLPs and RAPDs provide a good random sample based on 
the following facts. First, the choice of loci amplified depends on the primer sequence 
or the combination of sequence of restriction enzyme and primer, which are randomly 
selected and should provide equal probability of loci being recognized through out the 
genome. Second, they sample the genome more randomly than conventional methods
14
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such as protein markers and hybridization-based markers in the sense that both coding 
and noncoding regions could be sampled (Lynch and Milligan 1994). Third, molecular 
data provided by AFLP and RAPD are abundant, and virtually limitless in number of 
molecular marker, and more loci being sampled reduces variance from sampling limited 
number of loci through the genome. In addition, because of the relatively greater 
simplicity of implementation of these markers than traditional markers, more 
individuals could be surveyed efficiently in a short time period, which could further 
reduce variance by sampling a finite individual from a virtually infinite population.
Besides these advantages, however, there are also some practical problems 
associated with DNA based markers. Although the intensity difference in some marker 
bands may indicate the possibility of zygosity determination as a codominant marker 
(Han et al. 1999, Schwarz et al. 2000), in most situations, AFLP and RAPD data have 
been scored as present or absent. Provided there is only a single amplifiable allele per 
locus, PCR-based molecular markers such as RAPD and AFLP are mostly likely 
dominant with the marker allele dominant to the null allele. When these techniques are 
applied to diploid organisms, marker/marker homozygotes can not be distinguished 
from null/marker heterozygotes, and this introduces some problems in statistical 
analysis (Nei and Kumar 2000). The difficulty of distinguishing between homozygotes 
and heterozygotes does not prevent the estimation of allele frequencies necessary for 
population genetic analysis, but it does reduce the accuracy of such estimation relative 
to analysis with codominant markers (Lynch and Milligan 1994). Conventional 
methods that are developed based on codominant markers need to be modified for 
analyzing dominant marker data.
15
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General Assumptions and Notations for Estimation
A few assumptions are necessary to make before reviewing statistical methods. 
First, we assume that each AFLP or RAPD locus has only two alleles, the marker 
(denoted as AO and the null allele (denoted as A2 ) so there is only one fragment 
amplifiable in each locus. This is more arbitrary than proved. Second, when 
interpreting AFLP and RAPD data, fragments with same molecular weight are assumed 
to be allelic. This is difficult to confirm without extensive genetic analysis such as 
genetic mapping and hybridization studies, however, recent studies in plant species 
verified that co-migrating AFLP and RAPD markers from genomes of closely related 
genotypes are most likely allele-specific (Waugh et al. 1997, Virk et al. 2000).
Gene and Genotype Frequency
The frequency of a particular allele in a population is called the gene or allele 
frequency. It is one of fundamental parameters in population genetic studies because the 
genetic change of a population is usually described by the change in gene frequencies 
(Nei 1987). In diploid organisms, consider a locus with two alleles, Ai and A2 , thus 
there are three possible genotypes for this locus, Ai Ai, A| A2, and A2A2 . Let Nu, N12, 
and N22 be the number of genotypes of A[Ai, A| A2, and A2A2 in a population, and 
N11+N12+N22 = N, the total number of individual in the population. The relative 
frequencies of Aj At, Ai A2, and A2A2 are then given by xt 1 = Nn/N, X12 = N^/N, and X22 
= N22/N respectively, with Xi i+x^ +X22 = I • Suppose the frequencies of allele Ai and A2 
are p and q, respectively, then we have 
p = ( 2Nu+Ni2)/2N = Xn+Xu/2 
q = ( 2 Nt2+Ni2 )/2 N = X22+X1 2 /2
16
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Obviously, p+q = 1 when there are only two alleles for a locus. When mating among 
individuals in the population occurs at random, and genotypes are produced by random 
union of male and female gametes, the population is in Hardy-Weinberg equilibrium, 
and genotype frequencies are given by the expansion o f (p+q)2; where Xu = p2, X12 =
2pq, and X22 = q2- Then we have p= Xul/2, and q = X2 2 l/2.
When we estimate the parameters from dominant markers, suppose two alleles, 
Ai and A2 representing the marker and null, we can only observe two genotypes, band 
present (At Ai and Aj A2 ) or band absent (A2A2) because of dominance of Ai over A2, 
each with number Nt iand N2 2- Accordingly, applying the above equations, the relative 
frequencies of A1A 1/A 1A2 and A2A2 are then given by Xn = Nu/N and X2 2 -  N22/N, the 
total sampled number is N = Ni 1+N22. When we can assume the population to be in 
Hardy-Weinberg equilibrium, we have p= Xi 11/2, and q = \ z i a . However, both Xi 1 and 
X22 are biased estimates, which result in biased estimates o f p and q respectively. X[ 1 
and p are upwardly biased, and X22 and q are downwardly biased, because allele A2 
occurs in both genotypes A1A2 and A2A2, but we could not distinguish A 1A2 from A1A1, 
so only null homozygote A2 A2 is used for estimating X22 and q. Realizing this problem, 
Lynch and Milligan (1994) provided an asymptotically unbiased estimator and its 
variance by use of second-order Taylor expansion to accommodate the bias from 
dominant characteristics of the markers:
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where
Var(x22) = x22 (1 -  x22) / N  
is the sampling variance for the frequency of null homozygote. This estimator of q is 
always much better than estimating q from X22, and simulation results indicate unbiased 
estimate can be achieved provided that the analysis is restricted to markers that are not 
too common.
Estimating Heterozygosity
Another measure of intra-specific genetic variation is heterozygosity or gene 
diversity (Nei 1987). Assuming the population is under Hardy-Weinberg equilibrium, 
for conventional codominant markers, the heterozygosity for a locus with two alleles is 
the probability of obtaining different alleles for that locus, as H  = 2pq = 2q(l-q). For 
dominant marker data, that is equivalent to the chance of obtaining a pair of 
null/marker. Directly applying the above asymptotically unbiased estimator for q 
developed by Lynch and Milligan, the gene diversity for population j  at locus i can be 
estimated as
^ / ( 0  = 2 ^ ( / ) ( l - ^ ( 0 ).
Again, however, better estimates can be obtained by applying estimates o f second-order 
of Taylor expansion (Lynch and Milligan 1994):
H ^ O ^ l i m - q ^  + lVariq) 
with approximate variance
Var(Hj (1)) = 4(1 -  2q, (J))1 Var(q. (/)).
18
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In the estimation of H, sampling errors come from two sampling processes, first, 
sampling finite individuals per locus from the population, and second, sampling only 
part of the loci in the genome. Based on that, Nei (1987) partitioned the variance of 
heterozygosity into two parts, intralocus and interlocus variance, denoted by VarrfH) 
and Var^H) respectively. The intralocus variance over r loci can be relatively easy to 
estimate as (Nei 1987):
Var,(H) = ^ V a r ( H ) / r,
M
which decreases by increasing number of individuals sampled, and the interlocus 
variance would be obtained as the difference between Var(H) and Var/fH). This can be 
directly applied to dominant markers by using the above approximate variance 
developed by Lynch and Milligan (1994).
Fixation Indices
Although Hardy-Weinberg equilibrium approximately holds in outbreeding 
organisms, it can be disturbed by a number of factors such as natural selection and 
population subdivision. In the case of population subdivision, the total gene diversity 
partitions into its within- and between-population components, it is useful to study the 
gene diversities within and between populations relative to the total diversity. To 
measure the deviation of genotype frequencies from Hardy-Weinberg equilibrium in a 
subdivided population, Wright (1951) proposed three parameters, F/s, Frr, and F st , 
which are often called fixation indices or F-statistics. Fis and Frr describe correlations 
between uniting gametes relative to subpopulation and total population respectively, 
and Fst depicts the correlation between two gametes drawn at random from each
19
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subpopulation and measures the degree of genetic differentiation o f subpopulations. 
They are related by the following formula
l-F n-  = ( l - F „ ) ( l - F s|.).
Among the three F-statistics, F s t  is of special importance because this quantity 
measures the extent of genetic differentiation of subpopulations (Nei 1987). One way of 
estimating Fst is from heterozygosities as functions of allele frequencies. Applying the 
modified formula for calculating heterozygosity by Lynch and Milligan (1994)., the 
expected mean within-population heterozygosity for s populations over L loci can be 
estimated as:
= T Z  w > X  t2?/ W(1 ~ (0 + 2Far(q, (O)L
y*l i-l
where vy, is the relative size of the7 -th subpopulation to the population, it is customary 
to assume Wj=l/s because information on vy,- is not usually available (Nei and Kumar 
2000). When we assume there is no population subdivision, the total heterozygosity 
should be estimated by gene frequencies over all subpopulations. Gene frequency for 
the total population expected for j  populations over L loci can be estimated as:
Hr = jZ t^ O X 1 -  4(0 + 2 Var{q{i))\,L l=sl
where q is estimated as gene frequency of null allele from treating all observations from 
one population. Therefore, the relative magnitude of gene differentiation among 
subpopulations may be measured as:
F ^ = ( H t - H s ) I H t .
The variance of this quantity and testing o f its significance could be achieved by
applying mathematical resampling methods such as bootstrapping.
20
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Statistical Methods for Constructing Phylogenetic Tree from Molecular Marker 
Data
Genetic Distance Measures
With molecular data from a group of populations, it is possible to measure the 
difference between populations, and this is the idea of genetic distance. The concept of 
measuring population difference by a mathematical quantity named as genetic distance 
was first proposed by Sanghvi (1953), who used allele frequency differences between 
two populations in an evolutionary study. Genetic distance is designed to express the 
genetic distance between two populations as a single number (Smith 1977), so it could 
be considered simply as a data reduction tool, or as the basis for constructing 
phylogenetic map for the populations (as will be discussed later).
Basically, there are two types of genetic distance, one is mainly based on 
mathematical considerations, and the other relies on assumptions of evolutionary 
models. There are various methods provided by different authors from various points of 
view. Some of those most frequently used in molecular marker data are considered here.
Representing two populations on the surface of a multidimensional hypersphere, 
the Euclidean distance between the two populations could be expressed in terms of the 
allele frequencies, as illustrated in Figure 2.1. For a locus with two alleles, if population 
P has allele frequency p i  and p2, and population Q has allele frequency q land q2 
respectively, then the distance between the two populations is measured as:
d\2  = y l(p \-q \)z + (p 2 -q 2 )z .
Some alternative measures are also available. One of them is based on the angle 
between the lines joining the origin to the points. Suppose <pp and <Pq are the angles 
between the allele- 1 axis and these two lines, the angle ^between the two lines is (<pp -
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(Pq), the scaled measure (1-cosy/)
= l-C O S ((p p -(p Q )
= l-cos(<pp )co s(< P q )- sin((pp)sin((po) 
_ i Pidi PiQi
1 ■» *> I i ~ ’
p i  + p i + < i i
which takes extreme value 0  when the populations have the same allele frequencies, 
and 1 when there are no alleles in common for the two populations.
Figure 2.1: Illustration of two populations P and Q in allele frequency space for the case 
of two alleles.
One the most extensively used genetic distances based on evolutionary model is 
Nei's standard genetic distance (Nei 1972), which provides an estimate of the mean 
number of mutations separating the genes from two populations. Letting Jj=l-Hj and 
Jk=l-Hk be the gene identity within populations j  and k, and Jjk=l -Hjk be the gene 
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Estimator of Z)7* can be obtained by estimating Jjk, Jj and J* from corresponding 
heterozygosities. Alternatively, an unbiased estimator of Djk is provided by Lynch and 
Milligan (1994):
Nei’s standard genetic distance is proportional to evolutionary time when both 
effects of mutation and genetic drift are taken into account (Nei and Kumar 2000). The 
underlying assumption is that the rate of genetic substitution is constant for all loci, so it 
is appropriate for long-term evolution when populations diverge because of drift and 
mutation (Weir 1996).
Molecular data such as RAPD marker data are recorded as binary. With the 
number 1 indicating the presence, and 0 referring to absence o f the specific DNA 
fragment, the associations between two individuals are summarized in the contingency 
table (table 2 . 1 ), where Nn  is the total number of fragments present in both individuals .t 
and y, Nio and Noi are the number of fragments present in one individual but absent in 
the other individual, Noo is the number of bands absent in both individuals. We can use 
this information when we are interested the relatedness of two individuals. Varying how 
they combine N / /, Noo, N/0 and N0i, there are many distance and similarity coefficients 
are available to measure the ratio of co-occurrence to total comparison. The choice of 
genetic similarity coefficient depends on the quality o f information each comparison 
provides for the estimation. For AFLP and RAPD marker data, the most informative 
pair is joint presence since the presence of a marker in the both genotypes indicates a 
high level o f sequence of similarity at this site (Williams et al. 1990). Let StJ be the
23
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similarity coefficient between individual / and j ,  Dice’s coefficient is Stj = 2Nn /  (2Nu 
+ N 1 0  + Noi), which is one of the most used similarity measurements (Huff et al. 1993, 
Hill et al. 1996, Dubouzet et al. 1997, Jain et al. 1999, Breyne et al. 1999), another 
extensively used measurement is Jaccard’s coefficient: S,j = Nu /  (Nu + iV/o + Not) 
(Yee et al. 1999, Tivang et al. 1996). The similarity measurement Sjj could be 
converted to distance measurement by using its complement or the square root of its 
complement, i.e., (I- Sij) or (I- 
Dendrogram bv Distance Matrix Methods
Compared with morphological or physiological characters, molecular data show 
a much more regular pattern of evolutionary change, accordingly, it is expected that 
they could provide a clearer picture of relationship among organisms (Nei 1987). There 
are various methods that are used for constructing phylogenetic trees from molecular 
data, the most popular type is the distance matrix method. With distance matrix 
obtained from previous section, genetic distance is available for all pairs of populations 
or individuals, and a phylogenetic tree can be constructed by the distance values. There 
are many methods o f constructing trees from distance data, only the methods that have 
proved to be useful for molecular marker data analysis are considered below. Some 
popular phylogenetic analysis software packages, such as PHYLIP, NTSYS-PC, 
POPGENE, provide phylogenetic tree based on distance method or have such an option.
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The simplest method in distance matrix method is the average distance method 
or unweighted pair-group method with arithmetic mean (UPGMA). Clustering starts 
from the two organisms with the smallest distance, and more distantly related organisms 
are gradually added to the cluster, intercluster distance as the average of all the pairwise 
distances for members of two clusters. The underlying assumption of UPGMA when 
applied to molecular data is that the expected rate of gene substitution is constant.
Saitou and Nei (1987) described a new method as neighbor-joining method for 
identifying closest pairs, or neighbors, of organisms in a way that minimizes the total 
length of a tree. Neighbor-joining method begins with a star-like phytogeny, neighbors 
are the pairs that result in a tree of shortest total length when joined to form a combined 
unit. The procedure of identifying the neighbors among the reduced set of units is 
repeated until there are just three units left. NJ method is based on the principle of 
minimum evolution, it produces the correct tree for purely additive data, where the 
distance between each pair o f unit is the sum of the lengths of the branches joining 
those units in the tree.
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CHAPTER 3
CLONAL CHARACTERIZATION OF EASTERN COTTONWOOD
BY PCR-BASED MARKERS
Introduction
Knowledge of genetic relationships among genotypes can be used to 
complement phenotypic information in the development of breeding populations, and to 
develop, acquire and enforce proprietary rights. Genotype fingerprinting can be done 
based upon markers that can differentiate individuals, and a marker can be phenotypic 
such as a physiologic trait or a segment of DNA fragment. Roughly there are two types 
of markers are available for fingerprinting studies: morphological characters and 
biochemical markers including isozymes, allozymes, storage proteins, and molecular 
DNA markers such as restriction fragment length polymorphisms (RFLPs) and 
microsatellites.
Genetic diversity studies based on morphological traits has built the foundation 
of plant breeding and theoretical population genetics. However, the drawback of 
morphological markers are obvious, they are limited in number, they can be suongly 
influenced by environment, and they do not always precisely reflect the underlying 
genotype (Cereva et al. 1997). Advances in molecular biology have allowed genetic 
relationships of trees to be assessed directly at the DNA level Molecular markers, 
especially polymerase chain reaction- based (PCR) markers have received extensive 
attention for genetic diversity analysis in recent years. These approaches use primers to 
amplify DNA fragments that vary in size among individuals. The major advantages of 
PCR-based markers over restriction-based markers are that they have high 
polymorphism rates and are more amenable to automation of data collection than are
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morphological traits. One o f the most attractive PCR-based markers is random 
amplified polymorphic DNA (RAPD). Using a short primer o f arbitrary sequence, 
RAPDs are simple to process, low in cost with high level of polymorphism, and only 
requires nanogram quantities of DNA (Williams et al. 1990, Welsch and McClelland 
1990). RAPDs have been the most frequently applied DNA markers in genetic 
diversity in Populus spp. (Liu and Fumier 1993, Castiglioni et al. 1993, Lin et al. 1994, 
Yeh et al. 1995, Lin et al. 1997). However, RAPD markers are sensitive to the reaction 
envrionment such as template DNA and magnesium concentrations, and suffer from a 
lack of reproducibility caused by mismatch annealing of the random primers (Cervera et 
al. 1996). A relatively new class of molecular markers, amplified fragment length 
polymorphisms (AFLPs) were introduced to overcome the instability o f PCR-based 
markers and complexity o f restriction-based markers (Vos et al. 1995). As a PCR- 
based technique, AFLP markers hold the advantages such as high polymorphic rate, 
easy processing and potential automation. More importantly, AFLPs give highly 
reproducible banding patterns due to a highly specific annealing of the primers to the 
complementary adapter oligonucleotides (Vos et al. 1995). In addition, AFLPs produce 
more potential markers per reaction than other techniques, a large number of markers is 
essential for reliable estimation of genetic relatedness and divergence (Skroch and 
Nienhuis 1995).
Eastern cottonwood (Populus deltoides Bartr.) is indigenous to southeast United 
States. With increasing efforts in short-rotation plantations for the paper industry and 
for biomass energy, eastern cottonwood is becoming an important species because it is 
the fastest growing species in the region. Systematic selection in eastern cottonwood
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was done in part o f its range in a previous breeding program. One of the major concerns 
of this program was to determine if the selected clones represented a broad diversity of 
genetic resources in eastern cottonwood. Characterization of genetic diversity among 
collected individuals is important in breeding because it is useful for enhancing 
breeding efficiency by providing the choice of phenotypically desirable and 
genotypically diverse individuals. Development of a breeding program in eastern 
cottonwood would benefit from systematic testing of the genetic material through 
molecular tools providing information for conservation and germplasm evaluation.
The some goals of this project were to provide information on genetic diversity 
and genetic relationships among selected clones. The objectives of the research focused 
on: 1) developing RAPD and AFLP markers for fingerprinting individual clones in 
eastern cottonwood; 2 ) assessing genetic similarities and discriminating between clones 
in a selected clone collection; and 3) comparing the efficiency in terms of fingerprinting 
between RAPD and AFLP marker systems.
Materials and Methods 
Plant Material
Leaf samples were collected from 57 eastern cottonwood clones in 1995, 
including 29 from the clonal bank at Louisiana State University, 6  clones from 
Stoneville, Mississippi, 11 from Texas, and 11 from other sources. These clones were 
part of selections made and tested jointly by U.S. Forest Service (USFS) at Stoneville, 
MS, Texas A&M University, Oklahoma State University, and Louisiana State 
University, covering the Lower Mississippi river subregion, West Central subregion, 
and West Gulf subregion (Table 3.1).
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DNA Preparation
DNA was extracted from 10 g of fresh leaf samples using standard CTAB 
procedures (Murray and Thompson, 1980). The quantity and quality of DNA samples 
were checked on 0.8% agarose gel through comparison with lambda DNA standards 
and by UV spectroscopy. DNA samples were purified further by Prep-A-Gene if 
necessary (Bio-Rad, Richmond, CA 94804).
Table 3.1 Collected eastern cottonwood clones and their original subregions, sources, 
sites and numbers.
Clone Region Source Site Number Clone Region Source Site Number
1 West Gulf L T I 30 Lower MS LSU 8 2.1.40
2 West Gulf L T 3 31 Lower MS LSU 8 3.3.19
3 West Gulf L T 4 32 Lower MS LSU 9 l_70
4 Lower MS LSU 13 1_65 33 West Gulf P C I
5 Lower MS LSU 14 1.1.60 34 West Gulf P L 2
6 Lower MS LSU 15 1.1.59 35 West Gulf P N I
7 Lower MS LSU 19 1.1.57 36 West Gulf P N 2
8 Lower MS LSU 2 1 3.2.7 37 Lower MS ST 244 8_59
9 Lower MS LSU 23 1.1.55 38 Lower MS ST 67 8_74
1 0 Lower MS LSU 23 3.2.8 39 Lower MS ST 74 4_25
1 1 Lower MS LSU 23 3.2.9 40 Lower MS ST 74 8_70
1 2 Lower MS LSU 27M l_5l 41 Lower MS ST 74 8_71
13 Lower MS LSU 27M L.53 42 Lower MS ST 92 7_43
14 Lower MS LSU 28 3_22 43 West Central TX KEN 8 7_6l
15 Lower MS LSU 29 3.3.21 44 West Central TX KEN8 F 7_l 1
16 Lower MS LSU 32 3.3.18 45 West Central TX S13C15 3.6.25
17 Lower MS LSU 34 3.3.12 46 West Central TX S13C20F 7_21
18 Lower MS LSU 35 2.5.43 47 West Central TX S13C20F 7_24
19 Lower MS LSU 36 2.5.38 48 West Central TX S13C20F 9_65
2 0 Lower MS LSU 37 3.3.4 49 West Central TX S7C1 3.5.8
2 1 Lower MS LSU 38 3.3.2 50 West Central TX S7C2 3.5.5
2 2 Lower MS LSU 39 3.4.2 51 West Central TX S7C20 3.6.18
23 Lower MS LSU 40 3.4.4 52 West Central TX S7C4 7_58
24 Lower MS LSU 41 2.6.31 53 West Central TX S7C8 3.6.4
25 Lower MS LSU 42 2_67 54 West Gulf W B 0
26 Lower MS LSU 46 3.4.11 55 West Gulf W B 1
27 Lower MS LSU 47 3.4.17 56 West Gulf W B 2
28 Lower MS LSU 5 1.1.75 57 West Gulf W B 3
29 Lower MS LSU 7 3.1.21
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RAPD Analysis
RAPD amplifications were performed as described by Yeh et al. (1995). 
Amplified fragments were separated on 1.4% agarose gels stained with ethidium 
bromide, visualized with UV light, and photographed. In total, 111 RAPD primers 
obtained from either Operon Technologies (Alameda, CA) or J. E. Carlson (University 
of British Columbia, Vancouver, B. C., Canada) were randomly selected for screening 
on eight individuals. Fourteen of these primers, which amplified the most reliably 
scorable and polymorphic firagments, were selected for this study for analysis of all 57 
clones.
AFLP Analysis
AFLP analysis was carried out using AFLP™ Analysis System I which include 
AFLP Core Reagent Kit and AFLP Starter Primer Kit from Life Technologies (Gibco 
BRL, Gaithersburg) with minor modifications of manufacturer’s protocol. About 300 
ng of genomic DNA was digested with 2.5 units of the restriction enzymes EcoR I and 
Mse I simultaneously, and ligated by EcoR I and Mse I adapters. The solution was 
diluted five fold. Preamplification was performed using 5 ul of digested and ligated 
DNA, PCR buffer with magnesium, EcoR I primer and Mse I primer with an extended 
nucleotide A and C on the 3’ end respectively, and 0.5 units of Taq polymerase in a 
total volume of 51 ul. For primer screening, 33P labeled EcoR I primer with three 
nucleotides extended on the 3’ end was used for the final amplification. In the kit, there 
are 8  EcoR I primers and Mse I primers each with 3 selective ends available 
respectively, giving 64 possible primer combinations. All the 64 combinations were 
screened on at least 8  cottonwood DNA samples. The final PCR products were mixed
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
with equal volume of 98% formamide, bromophenol blue and xylene cyanol as tracking 
dyes. The resulting mixture was heated for 3 min at 90°C and loaded on a 6 % 
polyacrylamide gel under standard conditions for sequencing gels (Sambrook et al. 
1989). The gel was dried by a gel dryer and exposed to X-ray film for 4 days to produce 
autoradiographs.
After primer screening, six efficient primer combinations were applied for 
genetic analysis. Fluorescently labelled IR-700 EcoR I primer was purchased from 
Li-Cor, and products were sized using a Li-Cor IR2 automated DNA sequencer.
Data Analysis
A locus is said to be polymorphic if two or more alleles coexist in the 
population. As remarked by Nei (1987) and Li (1997), for practical purposes, a locus is 
called polymorphic when the frequency of the most common allele is equal to or less 
than 0.99. The following analysis was carried out noting this criterion.
RAPD data were scored manually. Software package Gene imagIR was used 
for semi-automated scoring of the AFLP data. Both RAPD and AFLP bands were 
scored as being either present ( 1 ) or absent (0 ); bands with same molecular weight in 
different individuals were considered to be allelic, whereas weak bands or ambiguous 
bands were recorded as missing or completely excluded from analysis.
n
Polymorphic information content (PIC) was estimated as l - £ p , 2, where Ptj is
/
the frequency of theyth pattern for marker / summed over n pattern. Genetic similarities 
between each pair of clones were estimated with three most applied similarity 
coefficients in genetic relationship studies, including Dice’s coefficient Sq = 2 N u  /  
(2 N n  + Nio + Noi). Jaccard’s coefficient S,y = N u  /  (N u  + Nio + N o i), and simple
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matching coefficient S/, = (N u+N m ) /  (N u  + N/o + Noi + Noo), where N u  and Noo are 
the total number of fragments present or absent in individuals x  and v>, N/o and Noi are 
the number o f fragments present in one individual but absent in the other individual. 
Genetic distance between every pair of clones was calculated as (1-S,y), which may 
range from 0  (identical fragments between two individuals) to 1 (no common bands 
shared by two individuals). The rationale for this was that dissimilarity between two 
organisms is indicated by the proportion of DNA fragments shared by them. 
Associations among the clones were revealed by cluster analysis using SAS. A 
dendrogram was constructed using the unweighted pair group method average 
(UPGMA) for RAPD and AFLP data separately. Calculations of the distance matrices 
and correlation among the three similarity measurements were carried out using 
SAS/IML (SAS Institute Inc. 1992).
Mantel’s statistic Z, Pearson product-moment correlation coefficient, and 
Spearman rank correlation coefficient between AFLP and RAPD genetic distance 
matrices were calculated to test for association between AFLP and RAPD distance data. 
Because dependencies among the pair-wise distances in each matrix violate the 
assumptions of normal theory, significance of these statistics was evaluated by non- 
parametric methods such as permutation tests and bootstrap procedures and expressed 
as a probability. Mantel’s statistic is an un-normaiized Pearson product-moment 
correlation coefficient, highly dependent on the magnitude of the distance 
measurements, which means it changes significantly with different distant coefficients 
(Dietz 1983). Spearman correlation coefficient is calculated based on ordinal rank, 
which is invariant under monotone transformations of the distant coefficients. Such a
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correlation coefficient is appropriate when the relative rank instead of magnitude of 
distance is concerned. The correlation statistic calculation and testing o f its significance 
were carried out using SAS (SAS Institute Inc 1992).
Results
Development of AFLP and RAPD Markers
Both RAPD and AFLP analysis provided markers that could distinguish all the 
selected clones and revealed a high level of genetic diversity among the 57 clones. The 
14 RAPD primers used to analyze the 57 clones produced 110 fragments, including 101 
fragments that were polymorphic among the clones (Table 3.2). The mean number of 
polymorphic bands detected was 7 per primer, with polymorphic rate of 92%. The PIC 
estimated from RAPD data ranged from 0.067 to 0.4998, with the mean as 0.3163.









320 1 1 4.1 27
322 8 3.4 23
337 9 2.5 2 0
348 8 3.5 2 1
527 6 3.1 1 1
X01 7 4.3 5
X12 7 3.7 6
X13 5 2 . 6 9
X15 8 4.5 15
X17 6 3.1 4
Y03 4 2.5 4
Y04 5 2.4 6
Y ll 9 3.4 9
Y14 8 2.7 1 1
AFLP analysis provided a large number of distinct, scorable fragments per
primer pair, each o f the six AFLP primer combinations produced from 73 to 91 bands
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with the molecular weight of markers ranged approximately from 90 bp to 500 bp 
(Table 3.3). Primer combination E-AAG/MCTA was the most efficient, they amplified 
91 bands with 8 8  polymorphic fragments. The six primer pairs amplified 492 fragments 
together, with 457 bands polymorphic. The average number of polymorphic bands 
detected was 79 per primer combination, with polymorphic rate of 93%. An example of 
AFLP fingerprinting is presented in Figure 3.1. As shown here, the patterns of markers 
among individuals were highly polymorphic. The PIC estimated from AFLP data was 
from 0.0345 to 0.4998, with the average as 0.2984.










EAAG/MCAA 102-468 71 31.0
EAAG/MCAT 102-417 74 30.1
EAAG/MCTA 100-442 8 8 30.9
EAAG/MCTC 102-416 77 26.6
EAAG/MCTG 102-451 81 24.0
EAAG/MCTT 94-453 6 6 32.5
Genetic Distance
All 101 polymorphic RAPD markers and all 457 polymorphic AFLP markers 
were used for estimating genetic distance. The correlations among three similarity 
measurements were summarized in table 3.4. Strong positive associations among the 
three measurements were detected as indicated by either Pearson product-raoment 
correlation or Spearman rank correlation coefficient, and the associations were 
significant from permutation tests. This is not surprising since these three 
measurements are related by simple monotonic functions (Gower 1985). Based on this.
only distance matrices from Dice's coefficient were used for further analysis.
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Figure 3.1: AFLP fingerprints generated using primer pair £coR I-AAG and Mse 
I-CAA to amplify fragments from 45 eastern cottonwood clone. The first lane is 
one-kilobase standard ladder, with the arrow illustrating the marker size. The two 
empty lanes were not loaded with samples.
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Table 3.4: Correlations among three similarity measurements, the values above and 
below the diagonal were from RAPD and AFLP data respectively, and the values in 
parenthesis indicate the P-value for the correlations from 1 0 0 0  permutation tests.





Dice 1 . 0 0 0 0 0.9977 0.8815 1 . 0 0 0 0 1 . 0 0 0 0 0.8734
(0 .0 0 0 ) (0 .0 0 0 ) (0 .0 0 0 ) (0 .0 0 0 )
Jaccard 0.9983 1 . 0 0 0 0 0.8796 1 . 0 0 0 0 1 . 0 0 0 0 0.8734
(0 .0 0 1 ) (0 .0 0 0 ) (0 .0 0 1 ) (0 .0 0 0 )
Simple 0.9575 0.9577 1 . 0 0 0 0 0.9186 0.9186 1 . 0 0 0 0
matching (0 .0 0 0 ) (0 .0 0 0 ) (0 .0 0 0 ) (0 .0 0 0 )
For RAPD data, the genetic distance based on complement o f Dice’s coefficient 
ranged from 0.0753 to 0.6222 with a mean of 0.3577, where the lowest genetic distance 
was between two clones of LSU origin, and the highest genetic distance was observed 
between one clone from Stoneville and one clone from east Texas. For AFLP data, the 
genetic distances ranged from 0.1272 to 0.6991 with a mean o f0.3941, where the 
lowest genetic distance was between two clones from Stoneville, and the highest 
genetic distance was between one clone from LSU and one clone from east Texas. 
Correlation Between AFLP and RAPD Distance Matrices
Permutation tests were used to test the significance of the correlation 
coefficients and bootstrapping was used to provide 95% confidence intervals. Based on 
AFLP and RAPD distance matrices, Mantel’s Z statistic was 590.945 with 95% 
confidence interval (544.854,641.459) from 1000 bootstrap samples, which was 
significant with P=0.001 from 1000 permutation tests. This supported that there was 
significant association between AFLP and RAPD data matrices. Pearson’s product- 
moment correlation coefficient rp was 0.4882 with 95% confidence interval (0.1939,
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0.5713). Spearman coefficient rs was 0.4459, with 95% confidence interval (0.1589, 
0.5336). Both these correlation coefficients were significant with P=0.001 from 1000 
permutation tests, indicating there was significant positive association between AFLP 
and RAPD distance matrices.
Cluster Analysis
Pairwise genetic distances calculated from Dice’s coefficient were used for 
cluster analysis to detect phenetic relationships among the clones. From the UPGMA 
dendrogram constructed from RAPD data (Figure 3.2a), there were two major groups 
formed, one group with all 11 clones from subregion West Gulf and one clone from 
Lower Mississippi valley, and the other group was comprised of other clones from 
Lower Mississippi valley and West Central subregion, where clones within the same 
subregion did not cluster together. From the dendrogram obtained from AFLP data 
(Figure 3.2b), two distinct groups were apparent, one formed by all 11 clones from 
subregion West Gulf; eight clones from subregion Lower Mississippi valley and one 
clone from West Central clustered to one subgroup, and the others formed another 
cluster.
Discussion
Genetic Variation in Eastern Cottonwood Clones
From this study of 57 eastern cottonwood clones, RAPD and AFLP markers 
were equally informative in terms of fingerprinting of clones. Both RAPD and AFLP 
markers could characterize the clones, indicating significant genetic variation 
among the eastern cottonwood clones. High intraspecific variation within eastern 
cottonwood detected by RAPD and AFLP markers was consistent with that detected by
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Figure 3.2 A: UPGMA dendrogram based on Dice’s coefficient showing the phenetic relationship among the 
57 eastern cottonwood clones from AFLP data, where WG=West Gulf subregion, MS= Lower Mississippi 
























Figure 3.2 B: UPGMA dendrogram based on Dice’s coefficient showing the phenetic relationship among the 
57 eastern cottonwood clones from RAPD data, where WG= West Gulf subregion, MS= Lower Mississippi 
river subregion, and WC=West Central subregion.
isozymes, though RAPD and AFLP showed a much higher polymorphic rate (Rajora 
1989c). The observed significant variation retained in eastern cottonwood was also in 
agreement with that concluded from other tree species (Yeh et al. 1995, Lin et al. 1997, 
Scheepers et al. 1997). This might reflect the accumulation of mutations associated with 
long-lived and out-crossing species (Hamrick and Godt 1989).
Genetic distance between two organisms measured by differences in genetic 
markers, is only comparable based on same distance measurement scale. The genetic 
distances among eastern cottonwood clones from AFLP and RAPD analysis were high 
compared with results from other studies on intraspecific variation that also used Dice’s 
coefficient (Schut et al. 1997, Lerceteau and Szmidt 1999). This suggests that there is 
broad genetic diversity among the selected clones that were collected from a wide 
geographic range. Naturally, we like to know if the enormous variation among eastern 
cottonwood clones is associated with their geographic origin. Dendrograms obtained 
from AFLP and RAPD analyses agreed that clones from the West Gulf subregion were 
always clustered together to form a distinct group, implying clones were more alike 
within the subregion than clones from other two subregions. For clones from Lower 
Mississippi valley and West Central, clones from the same subregion, however, did not 
always group together, indicating based on the loci examined in the study, these clones 
with the same geographic origin were not more alike than others.
Cost-effective Comparison Between AFLP and RAPD Markers
Table 3.2 contains the number of genotypes each RAPD primer could identify 
from 57 clones. The most efficient RAPD primer, 320, amplified 11 polymorphic 
bands, which differentiated 27 clones. Primer 322 amplified 8  polymorphic bands,
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which could further distinguish 29 clones together with primer 320. Therefore, with 
only three RAPD primers, all 57 eastern cottonwood clones could be uniquely 
fingerprinted. With more polymorphic bands produced, each AFLP primer combination 
could distinguish all 57 clones (Table 3.3). The advantage of AFLPs over RAPDs as a 
fingerprinting tool is obvious. AFLP analysis is more reproducible and reliable than 
RAPD because of the high specificity of the AFLP priming reaction conditions (Singh 
et al. 1999). In addition, with about 10-fold or more polymorphic markers identified, 
AFLP analysis is more powerful than RAPD analysis in individual characterization per 
se, and this could be more beneficial when dealing with large number of individuals.
On the other hand, compared with RAPD analysis, AFLP analysis is more expensive 
and labor intensive. For example, RAPD reactions require a few nanograms of nuclear 
DNA, while AFLP reaction always starts from working with a few hundred nanograms 
of DNA, and requires either radioisotope- labeled or fluorescent- labeled AFLP primer 
which costs more than RAPD primers. Therefore, the choice of fingerprinting tool 
should be balanced between convenience and cost-efficiency, depending on the research 
goal. If the scope of the project is limited to a small number of individuals, RAPD may 
be an efficient tool. If the focus of research is to construct a fingerprinting library, and 
the number o f individuals is not expected to be fixed so more individuals will be 
included in the future, AFLP analysis may be the best choice.
Comparison of Marker Systems
With the abundant molecular markers available for genetic diversity analysis, 
there is a need to compare different techniques to determine which method is the best 
for meeting the criterion and fulfilling the goal for the study. Various PCR-based
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markers are increasingly used for genetic fingerprinting of individuals, with AFLPs and 
RAPDs being the most extensively used markers because they do not require sequence 
information, and they are simple and automatable. In this study, the polymorphic rate 
of AFLP markers (93%) in eastern cottonwood was not much different from that of 
RAPD markers (92%). In selected Vigna angularis accessions, AFLP analysis had 
much higher polymorphic rate than did RAPD analysis (Yee et al. 1999); while in 
barley, RAPDs were more polymorphic than AFLPs (Russell et al. 1997). One of the 
reasons for this discrepancy may arise from the fact that selected RAPD primers or 
AFLP primer combinations have differential capability o f amplifying and detecting 
DNA fragments in different genomes. With genomes differing in nucleotide content, 
primers with high GC content tend to identify more markers in genome with higher GC 
content than those with lower GC content, which results in differences in number of 
markers. Another possible reason is that AFLP and RAPD marker data may amplify 
different portions of the genome. Thinking of a plant genome as a library of DNA 
fragments, molecular markers developed from different marker systems represent 
different samples of the same genome. Therefore, the deviation of actual distribution of 
markers from random distribution along the genome may affect our inference from the 
data, and this could affect quality of marker data. A study in Arabidopsis thaliana 
supported that different primer combinations resulted in data sets that provided distinct 
dendrograms (Breyne et al. 1999).
Relationship Between Correlation Coefficients and Sample Size
A comparison of dendrograms derived from AFLPs and RAPDs, showed that 
the clustering of clones within each major group did not always agree with each other,
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Figure 3.3: Plot of relationship between sample size and correlation coefficients. Pearson product-moment and 
Spearman rank correlation obtained from 1000 bootstrap samples.
indicating the two methods had some differences. Concordance o f AFLP and RAPD 
analysis was measured by Pearson product-moment correlation coefficient and 
Spearman rank correlation. The two correlation coefficients were moderately positive 
and significant as tested by permutation tests and bootstrap, which was consistent with 
results obtained from other species (Yee et al. 1999, Spooner et al. 1996, Lu et al. 1996, 
Thormann et al. 1994).
Besides sampling error, the moderate association between AFLP and RAPD 
analysis may relate to sample size as well. Better estimates of genetic diversity are 
expected from molecular data with large number o f marker loci (Tivang et al. 1994). 
Bootstrap procedure was applied to test the relationship between marker sample size 
and correlation coefficients. One thousand bootstrap samples were obtained from both 
AFLP and RAPD data with sizes of 25 to 200 with an interval of 25. The increases in 
sample size from 25 and 100, indicated that both the Pearson product-moment 
correlation coefficient and Spearman rank correlation coefficient increased significantly 
(Figure 3.3). It is expected that the concordance between AFLP and RAPD data could 
be improved with more marker loci included in each analysis.
References
Breyne P, Rombaut, Van Gysel A, Van Montagu M and Gerats T (1999) AFLP analysis 
of genetic diversity within and between Arabidopsis thaliana ecotypes. Mol Gen 
Genet 261:627-634
Castiglioni P, Ajmone-Marsan P, van Wijk R, Motto M (1999) AFLP markers in a 
molecular linkage map of maize: codominant scoring and linkage group 
distribution. Thero Appl Genet 99:425-431
Cereva MT, Gusmao J, Steenackers M, Peleman J, Storme V, Vanden Broeck A, Van 
Montagu M, Boetjan W (1996) Identification o f AFLP molecular markers for
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
resistance against Melampsora larici-populina in Populus. Thero Appi Genet 
93: 733-737
Cervera MT, Villar M, Faivre-Rampant P, Goue M, Montagu MV, Boeijan W
(1997) Applications of molecular marker technologies in Populus breeding. In: 
Klopfenstein NB, Chun YW, Kim MS, Ahuja MR (eds) Micropropagation, 
genetic engineering, and molecular biology of Populus. Gen. Tech. Rep. RM- 
GTR-297. Fort Collins, CO: U.S. Department of Agriculture, Forest Service, 
Rocky Mountain Research Station, pp 101-1 IS
Dietz EJ (1983) Permutation tests for association between two distance matrices. Syst 
Zool 32:21-26
Gower JC (198S) Measures o f similarity, dissimilarity and distance. In Klotz S, Johnson 
NL (eds) Encyclopedia o f statistical sciences. Wiley, New York, pp 397-405
Hamrick JL, Godt MJW (1989) Allozyme diversity in plant species. In: Brown ADH. 
Clegg MT, Kahler AL and Weir Bs (eds) Plant population genetics, breeding, 
and genetic resources. Sinauer Associates, Sunderland, Massachusetts, pp 43-63
Lerceteau E, Szmidt A (1999) Properties of AFLP markers in inheritance and genetic 
diversity studies of Pinus sylvestris L. Heredity 82: 252-260
Li WH (1997) Molecular evolution. Sinauer Associates, Inc., Sunderland,
Massachusetts 01375, USA
Lin D, Hubbes M, Zsuffa L (1994) Differentiation of poplar and willow clones using 
RAPD fingerprintings. Nor J Agric Sci Suppl 18:67-81
Lin DC, Hubbes M, Zsuffa L (1997) Differentiation of poplar clones using random 
amplified polymorphic DNA fingerprinting. In: Klopfenstein NB, Chun YW, 
Kim MS, Ahuja MR (eds) Micropropagation, genetic engineering, and 
molecular biology of Populus. Gen. Tech. Rep. RM-GTR-297. Fort Collins, CO: 
U.S. Department o f Agriculture, Forest Service, Rocky Mountain Research 
Station, pp 116-123
Liu Z, Fumier GR (1993) Comparison of allozyme, RFLP, and RAPD markers for 
revealing genetic variation within and between trembling aspen and bigtooth 
aspen. Theor Appl Genet 87: 97-105
Lu J, Knox MR, Ambrose MJ, Brown JKM, Ellis THN (1996) Comparative analysis 
of genetic diversity in pea assessed by RFLP- and PCR-based methods. Theor 
Appl Genet 93: 1103-1111
Murray MG, Thompson WF (1980) Rapid isolation of high molecular weight plant 
DNA. Nucl Aci Res 8:4321-4325
52
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Nei M (1987) Molecular evolutionary genetics. Columbia University Press, New York
Rajora OP (1989c) Genetic structure and identification of Populus deltoides clones 
based on allozymes. Genome 32: 440-448
Russell JR, Fuller JD, Macaulay M, Hatz BG, Jahoor A, Powell W, Waugh R (1997) 
Direct comparison of levels o f genetic variation among barley accessions 
detected by RFLPs, AFLPs, SSRs and RAPDS. Theor Appl Genet 95: 714-722
Scheepers D, Eloy MC, Briquet M (1997) Use of RAPD patterns for clone verification 
and in studying provenance relationships in Norway spruce (Picea abies). Theor 
Appl Genet 94:480-485
Schut JW, Qi X, Stam P (1997) Association between relationship measures based on 
AFLP markers, pedigree data and morphological traits in barley. Theor Appl 
Genet 95: 1161-1168
Singh A, Negi MS, Rajagopal J, Bhatia S, Tomar UK, Srivastava PS, Lakshmikumaran 
M (1999) Assessment of genetic diversity in Azadirachta indica using AFLP 
markers. Theor Appl Genet 99: 272-279
Skroch P, Nienhuis J (1995) Impact o f scoring error and reproducibility of RAPD data 
on RAPD based estimates of genetic distance. Theor Appl Genet 91: 1086-1091
Spooner DM, Tivang J, Nienhuis J, Miller JT, Douches DS, Contreras A (1996)
Comparison of four molecular markers in measuring relationships among the 
wild otato relatives Solatium section Etuberosum (subgenus Potatoe). Theor 
Appl Genet 92: 532-540
Thormann CE, Ferreira ME, Camargo LEA, Tivang JG, Osborne TC (1994)
Comparison of RFLP and RAPD genetic relationships within and among 
curciferous species. Thero Appl Genet 88:973-980
Tivang JG, Nienhuis J, Smith OS (1994) Estimation of sampling variance of molecular 
marker data using the bootstrap procedure. Theor Appl Genet 89: 259-264
Vos P, Hogers R, Bleeker M, Reijans M, Lee TV de, Homes M, Frijters A, Pot J, 
Peleman J, Kuiper M, Zabeau M (1995) AFLP: a new technique for DNA 
fingerprinting. Nucleic Acids Res 23:4407-4414
Welsch J, McClelland M (1990) Fingerprinting genome using PCR with arbitrary 
primers. Nuc Acids Res 18: 7213-7218
Williams JGK, Kubelik AR, Livak KJ, Rafalski JA, Tingey SV (1990) DNA
polymorphisms amplifie by arbitrary primers are useful as genetic markers. 
Nucleic Acids Res 18:6531-6535
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Yee E, Kidwell KK, Sills GR, Lumpkin TA (1999) Diversity among selected Vigna
angularis (Azuki) accessions on the basis of RAPD and AFLP markers. Crop Sci 
39:268-275
Yeh FC, Chong KX, Yang RC (1995) RAPD variation within and among natural
populations of trembling aspen {Populus tremuloides Michx.) horn Alberta. J 
Heredity 86:454-460
54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 4
POPULATION STRUCTURE OF EASTERN COTTONWOOD 
STUDIED BY AFLP AND RAPD MARKERS
Introduction
Systematic relationships among closely related species or natural populations 
within species can be evaluated based on a wide variety of morphological, biochemical 
and molecular markers. Traditional methods such as allozyme markers and 
morphological characters are limited by the small number of phylogenetically 
informative markers they provide among closely related taxa (Tivang et al. 1996). 
Restriction fragment length polymorphisms (RFLPs) were the first frequently used 
molecular marker in phylogenetic analyses to illustrate interspecific relationship in 
various forest tree species at the DNA level (e.g. Barrett et al. 1993, Rajora and Dancik 
1995). The RFLP procedure has been proven to be efficient in detecting DNA 
polymorphism, however, the use of radioactive probes for hybridization makes it 
difficult, expensive and time-consuming. The development o f techniques based on 
polymerase chain reaction (PCR) marker such as random amplified polymorphic DNA 
(RAPD) (Williams et al. 1990, Welsch and McClelland 1990) and amplified fragment 
length polymorphism (AFLP) (Vos et al. 1995) introduced alternative and powerful 
tools that are relatively easy to generate, cost-effective and reveal high levels of genetic 
polymorphism. The utility of RAPD markers for characterization of natural populations 
in plant species first occurred in buffalograss (Huff et al. 1993), followed by other 
studies, including chestnut (Huang et al 1998), oak (Corre et al. 1997), and trembling 
aspen (Yeh et al. 1995). Although the reproducibility and reliability of RAPD analysis
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has raised concerns among researchers (Thormann et al. 1994, Weeden et al. 1992), 
studies in population genetics proved that data from RAPD analysis, allozymes and 
RFLP seemed to be in strong agreement (Spooner et al. 1996, Corre et al. 1997, Huang 
etal. 1998). AFLP analysis uses selective primers to amplify restriction fragments 
from a total restriction digest of genomic DNA through PCR. Because it is reliable and 
detects more polymorphic bands in one reaction than other techniques, AFLPs have 
been increasingly implemented in genetic diversity analysis. AFLP has been employed 
in elucidating genetic relationship among taxa (e.g. Hill et al. 1996, Angiolillo et al. 
1999, Raamsdonk et al. 2000) and determining genetic relation within species (Russell 
et al. 1997, Lerceteau and Szmidt 1999, Shim and Jorgensen 2000).
The genus Populus is composed of 29 species of poplars, cottonwoods, and 
aspens, with most of being economic significance. Eastern cottonwood (Populus 
deltoides Bartr.) is a native poplar in the southeastern United States, widely distributed 
in both natural stands and man-made plantations in the region. It is the fastest growing 
tree in the region, and has good wood quality, thus it plays an important role in 
intensive culture for paper industry as well as in longer rotation plantations for timber 
production. Eastern cottonwood is adapted to various environments and significant 
variability has been found through previous studies based on physiological trait and 
characteristics (Pauley and Perry 1954, Jokela and Mohn 1976). However, these 
previous studies in eastern cottonwood mainly focused on populations of local scale, so 
the overall structure of the species on large geographic scales remains unknown.
In eastern cottonwood, information on genetic diversity and genetic relationship 
within the species is currently limited. The establishment of efficient management
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strategies for genetic conservation and sustainable utilization of natural sources, 
requires that the parameters underlying the diversity o f plant populations be clearly 
understood. Basic information on genetic variation, gene flow and diversity within a 
species are important for the maintenance of genetic diversity. Along its natural 
distribution range in southeastern United States, eastern cottonwood occurs mainly 
along river systems. Selection of individual trees included in this project was mainly 
based on desired characteristics such as stem form, height, rust resistance and wood 
specific gravity. The purpose of this selection was to provide populations of 
cottonwood from diverse site types and geographic areas, thereby allowing future 
crossing among populations to increase breadth of site adaptability.
The goal of the project was to explore genetic variation within and among 
eastern cottonwood natural populations determined by AFLP and RAPD markers. The 
objectives of the research were to : I) estimate genetic diversity parameters within and 
among eastern cottonwood natural populations; 2 ) develop population phytogeny 
analysis for eastern cottonwood; and 3) evaluate efficiency of AFLP and RAPD as 
molecular tools for population genetics study.
Materials and Methods 
Plant Material
Leaf samples were obtained from natural stands o f eastern cottonwood in 
summer 1996 and summer 1997, and were stored in -S0°C freezer until DNA 
extraction. Samples were collected along the eastern part o f its natural range in the 
southeastern United States. Seventy-three samples were collected from East Central 
(EC), which covered from the Mississippi River on the west through central TN and
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Figure 4.1 Sampling scheme of eastern cottonwood in southeast United States. 
The dashed lines indicate the natural range. Each subregion as included in a grey 
box is represented by two river systems, with Ac = Apalachicola-Chattahoochee, 
Ms = Mississippi, Ro = Roanoke, Sv = Savannah. Tm = Tombigbee, and Tn = 
Tennessee. Map courtesy of Mary Bowen.
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central KY, including 30 from Central Mississippi River Systems (CMS), and 43 from 
Tennessee River Systems (TEN). Sixty-four samples were collected from East Gulf 
(EG), which is from western GA to eastern MS, including 31 from Apalachicola - 
Chattahoochee River Systems, and 33 from Tombigbee River Systems. There were 63 
samples obtained from South Atlantic (SA), which is from southeastern VA to 
northeastern GA, including 32 from Roanoke River Systems, and 31 from Savannah 
River Systems. In each major river systems, two site types were selected: major river 
floodplain (U) and minor stream bottom (B). A few stands were randomly selected 
from each site type, where samples were collected from a few trees in each selected 
stand. Treating eastern cottonwood natural stands collected from the same river systems 
under the same subregion and site type as a population, a total of 1 2  populations was 
sampled (Table 4.1).
DNA Extraction
About 500 ng tol ug DNA was extracted from 1 g frozen leaf sample using 
standard CTAB procedures (Murray and Thompson, 1980). DNA samples were 
purified further by Prep-A-Gene when necessary (Bio-Rad, Richmond, CA 94804).
The DNA samples were diluted to approximately 20 ng/ul with low TE buffer 
(lOmMrlmM).
RAPD Analysis and Scoring
Previously identified 14 RAPD primers that were purchased from Operon 
Technologies (Alameda, CA) or obtained from J. E. Carlson (University of British 
Columbia, Vancouver, B. C., Canada) were selected for analysis. RAPD amplifications 
were performed as described by Yeh et al. (1995). RAPD products were resolved by
59

















Table 4 .1. Sampled eastern cottonwood populations with the region, major river systems, site types, stand and sample number, 
latitudinal and longitudinal range for each population.
Population Region Major. Site Number of Number of Latitudinal




1 East Central Mississippi Bottomland 3 14
2 East Central Mississippi Upland 4 16
3 East Central Tennessee Bottomland 6 18
4 East Central Tennessee Upland 4 25
5 East Gulf Apalachicola Bottomland 6 16
6 East Gulf Apalachicola Upland 4 15
7 East Gulf Tombigbee Bottomland 6 16
8 East Gulf Tombigbee Upland 4 19
9 South Atlantic Roanoke Bottomland 6 2 0
1 0 South Atlantic Roanoke Upland 6 1 2
1 1 South Atlantic Savannah Bottomland 6 14
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electrophoresis on 1.4% agarose gels stained with ethidium bromide and photographed 
with UV light. Fragment sizes of RAPD markers were estimated with 1 kb molecular 
marker, weakly amplified bands were either excluded or scored as missing, and data 
were scored manually as binary, where 0  and I represented band absence and presence. 
AFLP Analysis and Scoring
Six AFLP primer combinations that were confirmed as efficient for 
fingerprinting in eastern cottonwood through random screening were employed. AFLP 
analysis was mainly carried out as described in AFLP™ Analysis System I (Gibco 
BRL, Gaithersburg) before the final amplification. Fluorescently labelled IR-700 EcoR 
I primers, instead of 33P-labelled primers were purchased from Li-Cor for the final 
amplification. Products were resolved on 7% denaturing gels and sized using a Li-Cor 
IR: automated DNA sequencer. AFLP data were scored via Gene imagIR, where the 
number o f automatically detected bands was set to a minimum by maximizing the 
automatic detection threshold, and bands were added or deleted manually according to 
their intensity. Ambiguous bands across most genotypes were excluded from analysis, 
and occasional weak bands were scored as missing. The data were input to Microsoft 
Access database with 1 indicating presence of a fragment, 0 indicating absence of a 
fragment, and 5 indicating missing.
Data Analysis
To account for dominance of AFLP and RAPD markers and to provide less 
biased estimates, null allele frequency (q) for the AFLP and RAPD data were estimated 
at each marker locus with Lynch and Milligan’s (1994) modification for 
accommodating small sample sizes for dominant markers. Between-population gene
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diversity is defined as heterozygosity in excess of that observed within populations. 
Population parameters including the within-population heterozygosity (Hw), the 
between-population heterozygosity (Ha), the total heterozygosity (Hr), and the 
coefficient of gene differentiation among populations (Fst) were calculated following 
the methods of Lynch and Milligan (1994). To simplify the calculation, variances and 
95% confidence intervals of these parameters were estimated by 1000 bootstrapping 
samples obtained by resampling marker loci with replacement. The significance of 
these parameters was tested by 1 0 0 0  permuted samples obtained from resampling of all 
trees among all populations without replacement. Genetic distances among 12 
populations were obtained by Nei’s standard genetic distance for both AFLP and RAPD 
data. The association between genetic distance matrix from AFLP and RAPD was 
measured by Pearson product-moment correlation (r/>) and Spearman rank correlation 
coefficients (rs), and the significance of the correlation coefficients was tested by 1 0 0 0  
permuted samples (Dietz 1983). All above data manipulation, calculations and 
simulations were done using SAS (SAS Institute Inc 1992). There are various distance 
methods for constructing phytogeny. Unweighted pair-group method using arithmetic 
average (UPGMA) is the simplest method in this category, which assumes the rate of 
gene substitution to be more or less constant (Nei and Kumar 2000). In the case that 
distance measures are subject to large errors, UPGMA is regarded to be superior to 
other distance methods in recovering the true tree (Nei 1987, Takezaki and Nei 1996). 
Based on the minimum evolution principle, the neighbor joining (NJ) method is 
efficient in recovering true topology of the tree when small number of taxa are used 
(Nei and Kumar 2000). In this study, population phylogenetic trees were constructed
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using UPGMA and NJ methods in the PHYLIP program (Felsenstein 1989) with the 
genetic distance matrices obtained above being used as input data set. The reliability of 
topology of constructed trees was tested by bootstrapping (Felsenstein 198S) 
implemented in PHYLIP (Felsenstein 1989). A bootstrap value was obtained from 100 
bootstrap trees, indicating the number o f bootstrap trees that have the same interior 
branch as that in the original tree.
Results
Marker Characteristics in Eastern Cottonwood
Based on 202 trees, the six AFLP primer combinations yielded 492 polymorphic 
bands out of a total of 518 clearly scorable fragments, with polymorphic rate at 95%. 
The number of amplified polymorphic bands per AFLP primer pair varied from 70 to 
90, and the mean number of polymorphic bands per AFLP primer pair was 82. The 
selected 14 RAPD primers resulted in a total o f 112 reproducible fragments. Among 
these 112 bands, 104 loci were polymorphic, with polymorphic rate being 93%. The 
number of bands ranged from 6  to 11 per RAPD primer, and the mean was 7.4 
polymorphic bands per primer.
The allele frequency of each marker was calculated as the proportion of null 
allele for each population. Normality test on allele frequency for each marker locus 
suggested that each allele frequency for each population was normally distributed. For 
AFLP data, the P-value was from 0.4687 to 0.9914; for RAPD data, the P-value was 
from 0.3215 to 0.9838. Some alleles were fixed in certain populations. For AFLP data, 
there were 82 markers (16.67%) totally absent from at least one population. For RAPD 
data, there were 28 markers (37.38%) missing in one or more populations. The
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correlation between each pair o f markers from the same primer was calculated, the 
mean of Pearson correlation was 0.2772 and 0.2804, and Spearman rank correlation was 
0.2778 and 0.2902 for AFLP and RAPD.
Gene Diversity Within Populations
Heterozygosity within the 12 populations based on all polymorphic RAPD and 
AFLP bands was calculated after obtaining the null allele frequency for each locus 
(Table 4.2). For AFLP data, gene diversity ranged from 0.2378 (population 12) to 
0.2795 (population 3). The result from RAPD data seemed more dispersed, the 
maximum gene diversity was observed in population 1 1  with Hw =0.2998, and the 
minimum was in population 2 with Hw =0.2334. The mean within-population gene 
diversity from AFLP data was slightly lower than that from RAPD data, while the 
difference was not significant based on paired comparisons (P= 0.3424). From both 
AFLP and RAPD data, populations from bottomland seemed to have more genetic 
diversity than those from upland, and the only exception was in eastern river systems 
from AFLP data (populations 5 and 6 ).
Differences among 12 within-population heterozygosity values was significant 
for AFLP analysis (P= 0.0021) and was not significant for RAPD analysis (P=0.0975). 
In total, there were 6 6  pairs of Hws, to further test how each Hw  was significant from 
others, simultaneous Bonferroni t-test was implemented to test the difference of Hw s by 
pairwise comparison to control type I experimentwise error. There was no significant 
difference between pairs o f within-population heterozygosity for RAPD data at 
significance level of 0.05. The test result from pairwise comparisons for AFLP data 
indicated that the difference in Hw between population 3 and other four populations,
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including population 2, S, 10 and 12 was significant at 0.0S level. This suggested that 
more genetic diversity existed within population 3 than within the other four 
populations.
Table 4.2: Within-population heterozygosity estimates (Hw) were based on 492 AFLP 
loci and 107 RAPD loci separately, and 95% confidence interval (Cl) obtained from 
1 0 0 0  bootstrap samples.
Population AFLP analysis RAPD analysis
Hw 95% Cl Hw 95% Cl
I 0.2519 (0.2355,0.2683) 0.2379 (0.2039,0.2719)
2 0.2450 (0.2288,0.2612) 0.2334 (0.1988,0.2680)
3 0.2795 (0.2633,0.2957) 0.2586 (0.2248,0.2924)
4 0.2525 (0.2363,0.2687) 0.2546 (0.2208,0.2884)
5 0.2436 (0.2277,0.2595) 0.2692 (0.2355,0.3029)
6 0.2679 (0.2521,0.2837) 0.2694 (0.2340,0.3048)
7 0.2682 (0.2525,0.2839) 0.2807 (0.2474,0.3140)
8 0.2567 (0.2413,0.2721) 0.2543 (0.2196,0.2890)
9 0.2499 (0.2335,0.2663) 0.2991 (0.2655,0.3327)
1 0 0.2425 (0.2267,0.2583) 0.2487 (0.2128,0.2846)
11 0.2559 (0.2386,0.2732) 0.2998 (0.2644,0.3352)
1 2 0.2378 (0.2214,0.2542) 0.2371 (0.1997,0.2745)
Mean 0.2543 0.2619
Genetic Diversity Among Populations
Both AFLP and RAPD markers also detected high levels o f diversity among 
populations (Table 4.3). From AFLP analysis, the highest Hb was obtained between 
populations 1 and 7 (Hg=0.0229) and the lowest HB was between populations 6  and 8  
(Hb=0.0067). From RAPD analysis, the between-population heterozygosity ranged 
from 0.0023 (between population 1 and 2) to 0.0345 (between population 2 and 12). 
The relative magnitude of gene diversity among populations measured by Fst over all 
populations was estimated as 0.0536 and 0.0663 from AFLP data and RAPD data
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respectively. Though both estimates were low in magnitude, they were significant (P < 
0 .0 0 1 ) based upon 1 0 0 0  permutation tests, since there was no estimation obtained from 
chance as extreme as that from the original data. This indicated the population 
differentiation from data was significant compared with the estimates from permuted 
datasets which had no population order, supporting there was strong population 
subdivision. The 95% confidence interval o f F s t obtained from bootstrap was (0.0474, 
0.0598) and (0.0508,0.0818) for AFLP and RAPD respectively.
Association Between AFLP and RAPP Data Matrices
The association between AFLP and RAPD data in estimating F s t (Table 4.3) 
was calculated with the Pearson product moment correlation rp=0.4429 and the 
Spearman rank correlation r$= 0.4314. Genetic distances between populations 
calculated on the base of Nei’s standard genetic distance for AFLP and RAPD data are 
shown in Table 4.4. The correlation between AFLP and RAPD distance matrices was 
estimated as r/>=0.4251, and rs= 0.4212. Both the correlation coefficients were 
significant as compared with the null distributions formed by permutation tests, with P- 
value=0.027 and 0.035, providing these two matrices were strongly positively 
associated with each other.
Phylogenetic Analysis
Phylogenetic trees were constructed based on Nei’s standard genetic distance 
(Figures 4.2,4.3 and 4.4). From UPGMA tree based on AFLP data (Figure 4.2a), there 
are three major groups at length = 0.00093. The first group was comprised of 
populations 1,3,4, and 11, where the first 3 populations were from East Central 
subregion. The second group included populations 2,10 and 12. The third group
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consisted of five populations, including all population from East Gulf and population 9 
from South Atlantic subregion. The phylogenetic tree obtained through NJ (Figure 
4.2b) was slightly different from that from UPGMA, the first group in UPGMA 
containing populations 1,3,4,  and 11 was split to form 3 groups at distance = 0.00094. 
Overall, the phylogenetic analysis indicated that natural populations from East Gulf 
were likely to group together within the same subregion, however, populations in East 
Central subregion could not be separated from populations from South Atlantic 
subregions. Further testing the significance of the trees by bootstrapping supported the 
grouping of populations 5 and 6 , and grouping of populations 7, 8  and 9 in the two 
trees, with grouping of populations 3 and 4 in UPGMA tree. On the other hand, 
UPGMA from RAPD data (Figure 4.3a) showed that with population 12 forming an 
outgroup, there were three major clusters, each consisting of populations from the same 
subregion. However, the NJ tree from RAPD data looked much different (Figure 4.3b). 
Populations 5 , 6 , 7, and 8 , which clustered to one major group in UPGMA tree diverged 
and formed into different groups, with natural populations from East Gulf and South 
Atlantic subregion grouped with populations within the same subregion. Bootstrapping 
test o f significance of the trees resulted in only one statistically significant group, 
containing populations 9 and 11 from the UPGMA tree.
In addition, phylogenetic trees were obtained on combining AFLP and RAPD 
data together (Figure 4.4). The basic structure of the UPGMA tree from the combined 
data (Figures 4.4a) was different from that based solely on AFLP data (Figure 4.2a) 
mainly in some differences in the length of internal branchs, with bootstrapping 
supporting populations 1,3 and 4, populations 5 and 6 , populations 7, 8  and 9 grouped
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Figure 4.2a. UPGMA tree for the 12 eastern cottonwood populations based on 492 
AFLP markers using Nei's standard genetic distance. The lengths are for each 
interior branch, and bootstrap values indicating the number o f occurrences of that 
specific group based upon 1 0 0  samples are shown in parentheses.
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East C entral-T ennessee-Bottomland
East Central-Mississippi-Bottomland 
-  South Atlantic-Savannah-Bottomland
Figure 4.2b. Neighbor-joining tree for the 12 eastern cottonwood populations based 
on 492 AFLP markers using Nei’s standard genetic distance. The lengths are for each 
interior branch, and bootstrap values indicating the number of occurrences of that 
specific group based upon 1 0 0  samples are shown in parentheses.
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Figure 4.3a. UPGMA tree for the 12 eastern cottonwood populations based on 107 
RAPD markers using Nei’s standard genetic distance. The lengths are for each 
interior branch, and bootstrap values indicating the number o f occurrences of that 
specific group based upon 1 0 0  samples areshown in parentheses.
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Figure 4.3b. Neighbor-joining tree for the 12 eastern cottonwood populations based 
on 107 RAPD markers using Nei’s standard genetic distance. The lengths are for 
each interior branch, and bootstrap values indicating the number of occurrences of 
that specific group based upon 1 0 0  samples are shown in parentheses.
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Figure 4.4a. UPGMA tree for the 12 eastern cottonwood populations based on 492 
AFLP markers and 107 RAPD markers using Nei’s standard genetic distance. The 
lengths are for each interior branch, and bootstrap values indicating the number of 
occurrences of that specific group based upon 1 0 0  samples are shown in parentheses.
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Figure 4.4b. Neighbor-joining tree for the 12 eastern cottonwood populations based on 
492 AFLP markers and 107 RAPD markers using Nei’s standard genetic distance.
The lengths are for each interior branch, and bootstrap values indicating the number of 
occurrences of that specific group based upon 1 0 0  samples are shown in parentheses.
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together. The NJ tree based on the combined data was different from that based on 
AFLP data, and the only significant group supported by bootstrapping was populations 
7 and 8 .
Discussion
Intraspecific Variation in Eastern Cottonwood
A large proportion o f eukaryotic DNA is nonfunctional in the sense that it is not 
essential for RNA transcription (Nei 1987). From the point of molecular evolution, less 
important parts of genes (DNA) are generally more polymorphic than functionally more 
important parts (Nei 1987, Li 1997). The percentage of polymorphic loci was as high 
as 95% from AFLP and 93% from RAPD analysis, compared with 34% of 22 loci 
(Marty 1984) or 42% of 33 loci (Rajora et al. 1991) from isozyme analysis. It has been 
pointed out that most amplified markers from PCR such as AFLP and RAPD are from 
the whole genome (Williams et al. 1990, Young et al. 1999). Therefore, this may help 
to explain the higher polymorphism rate revealed by AFLP and RAPD analysis than 
that obtained from isozyme markers in eastern cottonwood (Marty 1984, Rajora et al. 
1991). The average within-population heterozygosity is 0.2543 and 0.2619 for AFLP 
and RAPD markers respectively, while heterozygosity estimated from isozyme data was 
0.063 based on nine populations from southern Ontario (Rajora et al. 1991) and 0.085 
based on 21 populations throughout the north-south range (Marty 1984). Fst  measures 
the extent o f genetic differentiation of natural populations. With the estimates from 
AFLP and RAPD data being significant and agreeing with each other, it demonstrated 
that certain population subdivision exists in eastern cottonwood natural populations, as 
is the case in other outcrossing species (Corre et al. 1997, Nebauer et al. 1999).
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However, this further conflicts with the results from isozyme that suggested no strong 
evidence of population differentiation (Marty 1984, Rajora et al. 1991). The great 
difference in sample size between AFLP or RAPD and isozyme markers and higher 
polymorphic rate of AFLP and RAPD markers may have contributed to the difference 
in heterozygosity estimation. In addition, the difference in population scale and 
definition could play a major role in parameter estimation, since the populations 
consisting of individuals from broader geographic region should be expected to contain 
more genetic diversity than populations with narrow geographic base (Slatkin 1993). 
Phylogenetic analysis provided that natural populations from the same subregion did 
not always cluster together, and the results from AFLP and RAPD markers disagreed at 
some point since only a moderate but significant association between these two data 
was observed. The loose association between geographic origin and genetic distance 
revealed by phylogenetic trees may arise from the sampling in each population in two 
ways. First, the physical geographic distance among trees is unavailable, that means 
individuals from different populations may not necessarily be more distant than 
individuals from the same natural population. Second, the sample size in each 
population being relatively small, large sample size, ideally at least 1 0 0 , and equal sized 
population would increase the accuracy of population parameter estimation (Lynch and 
Milligan 1994).
Partitioning of Sampling Variance
In the estimation of heterozygosity within populations, there are two sampling 
processes associated with it, sampling of finite number of individuals for each gene 
(locus), and sampling of marker loci from the genome, defined as intralocus variance
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(VaiiHwi)) and interlocus variance (Var(//»x)) (Nei 1987). The former variance can be 
reduced by increasing the number o f loci sampled, and the latter can be reduced by 
increasing the number o f individuals sampled. When we have more than one 
population sampled, the within-populaiton heterozygosity would be averaged over each 
H w , which introduces another source of error, sampling of finite number of populations 
(Var(//ifp)). Partitioning the sampling variance o f Hw (Varf//^)) into its three sources 
could provide insight into the magnitude of variance component associated with each 
source (Table 4.S). The intralocus variance component associated with sampled 
population size was much smaller than interlocus variance and population variance for 
both data, showing that further significant reduction ofVar(Hw) could only be achieved 
by either increasing loci number or population number. In addition, the variances 
Var(Hw), Var(Hw/), and Var( H wl) from AFLP analysis were much lower than those 
from RAPD data, showing AFLP analysis is more reliable than RAPD analysis for 
estimating within-population genetic diversity.
Table 4.5: Partitioning the variance of within-population into its sources. The values in 
parentheses are percentage of that variance component relative to the total variance.









6.781 IE - 6  (53.82) 
1.3207E-5 (31.18)
Justifications of Assumptions
To analyze AFLP and RAPD data, we assumed each co-migrating fragment 
across individuals to be from the same locus, and each locus was biallelic and 
represented as presence or absence in each individual. The homology of RAPD
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fragments with similar mobility from closely related taxa is strongly supported by 
various studies with DNA hybridization techniques (Chalmers et al. 1992) and 
restriction analysis (Wilkie et al. 1993, Furman et al. 1997). The homology of AFLP 
bands has been assessed in linkage mapping studies from several species. For example, 
Waugh et al. (1997) proved that over 96% of co-migrating AFLP fragments were 
shown to map to similar genome regions in three different segregating populations of 
barley. Another research in barley also found all co-migrating bands segregating in two 
populations mapped to the same loci (Qi et al. 1998). In rice, the AFLP markers 
mapped in one population were shown to map to the same linkage groups and in the 
same order as those obtained from another population (Nandi et al. 1997). These 
studies indicate the great probability of the locus specificity of AFLP markers. 
Therefore, it is reasonable to conclude that AFLP bands with same mobility within a 
species are very likely to be allelic (Virk et al. 2000). The variation detected by both 
AFLP and RAPD arises from deletion of a priming site, insertion or deletion that 
changes the DNA fragment size rendering the size between priming sites too distant or 
too close for amplification. Therefore, the AFLP and RAPD variation occurs primarily 
from loss of a fragment instead of from length polymorphisms (Mosseler et al. 1992, 
Furman etal. 1997).
Loci Pruning
The dominant characteristics of molecular markers brought problems when 
estimating population parameters are o f the concern. The estimates of genetic diversity 
from dominant markers may be biased because only two alleles can be detected at each 
locus. Basically there are two intepretive tools to analyze molecular data such as AFLP
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and RAPD data: one is to apply population genetics method using allele frequencies by 
treating the presence and absence o f a specific fragment as two alleles, and the other is 
to employ the traditional method to estimate nucleotide diversity by methods derived 
from Nei and Li (1979) (Karp et al. 1996, Nei and Kumar 2000). To my knowledge, 
the method provided by Lynch and Milligan (1994) so far is the only method of its kind 
to analyze population structure by allele frequencies and taking the dominance o f the 
molecular markers into account. The main argument of Lynch and Milligan (1994) is to 
to improve accuracy of parameter estimation by providing asymptotically unbiased 
estimators via use of second-order Taylor expansions. To achieve this, Lynch and 
Milligan recommended that markers with null frequency less than (3/N) >/2 (N is the 
sample size) should be pruned before calculating population parameters. With small 
sample size, many loci would fail to meet the condition. A few authors applied this rule 
(e.g. Corre et al. 1997, Nebauer et al. 1999) in RAPD data analysis, the former had 17 
out of total 48 loci (with sampled population size of 23), and the latter had 61 out of 96 
loci (with sampled population size varied from 6  to 13) removed. For eastern 
cottonwood with sampled population size ranging from 12 to 25, on average, 58 AFLP 
markers out of total 492 loci and 21 RAPD markers out of total 107 polymorphic bands 
failed to fulfill the condition, and the number was much higher (135 and 42 
respectively) to calculate inter-population parameters since two populations might 
possess uncommon loci. The pruning of loci may impove unbiasness o f the estimates 
of the population parameters from statistical point of view, however, it raises concerns 
in population genetics. As shown in this research, most likely the unqualified loci 
would fix in certain populations, and arbitrarily discarding those informative markers
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could bias the population parameters themselves. The quality of an estimator is 
measured by mean square error consisting of bias and the variability of the estimator, 
Lynch and Milligan’s estimators do a good job of controlling bias. As we have seen, 
increasing marker locus number would reduce the variance associated with estimates of 
population parameters such as mean within-population heterozygosity, i.e., more 
precision could be obtained through large sample locus. In this context, a small 
increase in bias could be traded for a larger decrease in variance, resulting in an 
improvement in mean square error.
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CHAPTER 5 
GENERAL CONCLUSIONS AND FUTURE RESEARCH
Genetic analysis in forest trees is hampered by properties including outbred 
mating systems, high genetic load, long generation time and large physical size 
(Bradshaw et al. 1994). These factors have further limited progress in forest breeding 
programs since traditional quantitative genetic approaches have been limited in 
elucidating genetic variation and structure (Namkoong et al. 1988). Molecular marker 
techniques have provided potential approaches to understand the organization and 
distribution of genetic resources in forest trees (Wu et al. 2000).
From this research, the PCR-based molecular markers AFLP and RAPD have 
been found to be efficient tools for detecting differences among individuals and 
studying evolutionary relations among populations. Molecular fingerprinting tools 
allow us to discriminate among selected individuals or tested clones, even those that 
cannot be distinguished on the basis of morphological and phenological traits. This 
permits construction of clonal identity, organization of germplasm and maintainance of 
gene pool in the context of gene conservation. Population studies based on molecular 
markers provide information on population parameter estimation of within population 
and among populations, which is essential for optimising sampling strategies. In 
traditional breeding programs, screening for genetic diversity within breeding 
populations might help in designing matings by minimizing population size while 
maintaining a high level of diversity.
Poplars are among the most intensively studied forest trees in the world because 
they play important roles in biomass energy sources and the paper industry as well as
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timber production. In this study, a high level of genetic variability was detected at 
individual and population levels in eastern cottonwood. As a wind-pollinated tree 
species with continuous distribution, eastern cottonwood preserved significant genetic 
diversity in its natural populations, which is in conforming with the behavior of an 
outcrossing species (Yeh et al. 1995, Nebauer et al. 1999). This indicated that gene flow 
has been playing an important role in the evolutionary history of this species. In the 
meantime, as demonstrated by fixation index F st, data also showed that the possibility 
of population subdivision existed among natural populations. Genetic differentiation 
increases with geographic distance between populations (Nebauer et al. 1999, Slatkin et 
al. 1993). Therefore, this suggests the decrease of gene flow with distance among 
populations resulted in population subdivision in eastern cottonwood along its eastern 
range.
Focusing on estimating intra-specific variation of eastern cottonwood at the 
individual and population level, this research represents part of the early outcome from 
a long- term project of developing the Populus crop in the southeastern United States. 
Many economically important traits in forest tree such as height growth, stem diameter 
growth have been speculated as being under control of quantitative trait loci (QTL) 
(Bradshaw 1994, Weng 2000). The long-term goal of this project is to study and locate 
QTLs controlling characters o f interest such as wood specific gravity and early growth 
rate in eastern cottonwood. Through creating multi-generation pedigreed plant material 
by crossing extreme genotypes from different natural populations, DNA markers 
associated with desired traits will be identified, so that selection of desired genotypes 
could be undertaken at earlier stage and in a more accurate way by marker-aided
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selection (MAS). Therefore, one of the most valuable topics in the future research will 
be focusing on QTL mapping of traits of interests in eastern cottonwood. In addition, 
this research also brings up some related issues that deserve further study in the future. 
Genetic Distribution of AFLP Markers Through the Genome
The characterization of AFLP markers has been investigated through genetic 
mapping in many plant species (Young et al. 1999, Mank et al. 1999, Castiglioni et al. 
1999), with emphasis on comparing methylation and non-methylation sensitive 
restriction enzymes. In plant genomes, cytosine (C) methylation o f CpG and CpNpG 
nucleotides regulates gene expression. Rare cutter enzymes EcoRl and Pstl differ 
significantly in their ability to cut restriction sites containing methylated C, £coRI is 
relatively insensitive and Pstl is sensitive to methylation. In soybean, 34% of 650 
EcoRlIMsel markers segregated into clusters of greater than seven markers within 10- 
cM interval, while no PstUMsel marker clusters were observed (Young et al. 1999). In 
maize, PstUMsel markers are shown to be more randomly distributed in the genome 
than EcoRUMsel markers, and the distribution of markers along chormosomes showed 
that EcoRUMsel markers localise preferentially in centrometric regions (Castiglioni et 
al. 1999, Mank et al. 1999). The enrichment of EcoRUMsel markers in the centromeres 
has been observed in other species such as barley (Becker et al. 1995) and Arabidopsis 
(Alonso-Bianco et al. 1998). Testing of the clustering of markers in eastern cottonwood 
could be accomplished by their relative location on a genetic map. However, from an 
integrated AFLP map in eastern cottonwood, AFLP markers amplified by the same 
primer pair were not randomly distributed on the map, there was no significant 
clustering of genetic markers on the linkage group (Wu et al. 2000). Since it might be
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speculated that the discrepancy relates to a skewness in the distribution of the markers 
obtained with different primer combination, the importance of choosing specific primer 
combinations was suggested (Barker et al. 1999). Therefore, the distribution of AFLP 
markers throughout eastern cottonwood genome needs further research with additional 
primer combinations.
Statistical Approaches in Analyzing Molecular Data
To construct a phylogenetic tree for a group of natural populations, it is 
customary to use genetic differences as measured by functions of allele frequencies 
because the genetic difference between populations are small and they are usually 
measured in terms of allele frequency (Nei and Kumar 2000). This was applied for 
analyzing AFLP and RAPD data in Chapter 4. As pointed out earlier, the dominance of 
AFLP and RAPD markers makes direct application of population parameter estimation 
methods designed for codominant markers unsuitable and reduces the accuracy of 
parameter estimation as well (Lynch and Milligan 1994). Another way of analyzing 
molecular data such as AFLP and RAPD is to estimate nucleotide substitutions. The 
rationale that the degree of genetic divergence between two DNA sequences is 
correlated with the proportion of DNA fragments shared by them, which was originally 
suggested by Nei and Li (1979) to estimate evolutionary change of restriction sites, has 
been extended to analysis of RAPD (Clark and Lanigan 1993, Martinez-Torres et al. 
1997, Nei and Takezaki 1994) and AFLP (Innan et al. 1999) with certain modifications. 
One of the general assumptions is that a single mutation in a primer site would prevent 
the matching of a primer and its priming site, and such changes in DNA sequence are 
caused only by nucleotide change. However, when the effects of DNA change due to
88
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
insertion or deletion are significant, the nucleotide diversity will be overestimated (Nei 
and Li 1979, Clark and Lanigan 1993, Innan et al. 1999). In addition, the algorithm 
turns out to be very complicated especially for outcrossing diploid species. There are 
various statistical methods that have been proposed for phylogenetic analysis. It is 
important to be aware of their theoretical foundations and certain limitations as well. 
Conversion of Dominant Markers to Co-dominant Markers
Dominant molecular markers are less informative because heterozygotes cannot 
be identified from homozygotes, which is problematic especially in genome mapping 
and marker-assisted selection. In addition, the stability o f PCR-based markers such as 
RAPD markers is suspect since reaction conditions always affect the outcome (Weeden 
et al. 1992). Conversion of dominant RAPD markers to reliable and co-dominant 
markers such as sequence-characterized amplified region (SCAR) markers was 
introduced in lettuce (Michelmore et al. 1991) and has been applied in various plants 
(e.g. Bodenes et al. 1997, Weng et al. 1998). AFLP analysis is more reliable than 
RAPD analysis because of its involving two amplification steps, but it is also relatively 
more complicated to process than RAPD analysis. Recently, some efforts have been 
made in converting AFLP markers linked to trait of interest to simple and co-dominant 
markers including sequence-tagged site (STS) and SCAR markers for ease and 
specificity o f analysis. An AFLP marker linked to nematode resistance was converted 
to an STS marker with the addition of a restriction enzyme digestion step (Lu et al. 
1999). In Brasica juncea, a dominant AFLP marker linked to seed coat color was 
converted into a co-dominant SCAR marker (Negi et al. 2000). Converting dominant 
AFLP and RAPD markers into STS or SCAR markers will facilitate data analysis and
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make population parameter estimation more efficient since identification of
heterozygosity will be enabled.
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Figure A.I. Consensus Neighbor-joining tree for the 12 eastern cottonwood populations 
based on 107 RAPD markers using Nei’s standard genetic distance. Bootstrap values 
on the branch indicates the number of occurrences of that specific group based upon 1 0 0  
samples.
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Figure A.2. Consensus UPGMA tree for the 12 eastern cottonwood populations 
based on 107 RAPD markers using Nei’s standard genetic distance. Bootstrap 
values on the branch indicates the number of occurrences of that specific group 
based upon 1 0 0  samples.
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Figure A.3. Consensus Neighbor-joining tree for the 12 eastern cottonwood 
populations based on 492 AFLP markers using Nei’s standard genetic distance. 
Bootstrap values on the branch indicates the number of occurrences of that 
specific group based upon 100 samples.
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Figure A.4. Consensus UPGMA tree for the 12 eastern cottonwood populations 
based on 492 AFLP markers using Nei's standard genetic distance. Bootstrap 
values on the branch indicates the number o f occurrences o f that specific group 
based upon 100 samples.
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